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I .  Scope  of  Work  Performed 

The  initial  intent  of  research  performed  under  this 
grant  was  to  study  the  Interaction  of  intense  laser  radi¬ 
ation  with  various  optical  media,  in  order  to  gain  an 
understanding  of  the  physical  processes  Involved.  We  then 
intended  to  put  this  knowledge  to  work  in  order  to  avoid 
the  type  of  permanent  damage  to  optical  components  which 
was  --  and  still  is  --  being  widely  experienced  when  work¬ 
ing  with  lasers  at  multi -megawatt  power  levels. 

Although  we  were  primarily  intererted  in  the  inter¬ 
action  between  laser  radiation  and  nominally  transparent 
optical  media  (such  as  crystals  and  glasses),  we  decided 
first  to  study  the  interaction  of  focused  laser  beams  with 
various  gases.  The  rationale  behind  this  decision  was 
essentially  that  a  gas  was  a  much  simpler,  cleaner  medium, 
and  would  provide  a  basic  insight  into  the  more  general 
interaction  problem.  If  we  couldn't  discover  the  mechanism 
responsible  for  laser  radiation-induced  breakdown  in  gases, 
we  would  have  little  hope  of  solving  the  problem  for  solid 
media.  As  a  result  of  an  extensive  experimental  and 
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theoretical  study  of  radiation- Induced  breakdown  m  inert 
gases,  we  found  that  the  breakdown  process  was  essentially 
due  to  Inverse  Bremsst rah lung,  in  which  free  electrons 
were  accelerated  by  the  Intense  optical  field.  This  pro¬ 
duced  a  chain -reaction  in  which  previously  accelerated 
electrons  produced  a  copious  supply  of  free  electrons  by 
means  of  impact  ionisation  of  the  gas  molecules.  The  re¬ 
action  is  essentially  triggered  by  the  initial  production 
of  a  relatively  small  number  of  free  electrons.  It  was 
our  well-supported  conclusion  that  these  initial  electrons 
were  provided  by  multi-photon  ionisation  of  impurities 
having  a  low  ionisation  potential.  These  impurities  need 
only  be  present  in  a  few  parts  per  million  in  order  to 
be  effective  in  initiating  the  chain  reaction  leading  to 
breakdown.  Moreover,  the  threshold  radiation  density 
necessary  to  produce  a  chain  reaction  of  inverse 
Bremsstrahlung  is  generally  well  in  excess  of  that  re¬ 
quired  to  provide  the  Initial  free  electrons  via  multi¬ 
photon  photo ionisation.  As  a  result,  the  breakdown  process 
is  essentially  a  linear  one  (it  would  be  non-linear  if 
multiphoton  effects  played  a  more  dominant  role).  The 
results  of  these  studies  of  laser-induced  gas  breakdown 
have  been,  described  in  earlier  reports,  and  have  been 
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published  in  the  open  literature  (see  publications  list). 
Subsequent  work  published  by  other  workers  has  confirmed 
our  conclusions. 

As  a  result  of  our  findings  with  gas  breakdown,  we 
were  very  pessimistic  about  being  able  to  avoid  similar 
effects  in  solids.  Damage  in  transparent  media  is 
basically  unavoidable  when  the  radiation  density  is  high 
enough  to  initiate  the  Inverse  Bremsstrahlung  chain  re¬ 
action.  This  threshold  occurs  in  the  vicinity  of  1,000 
to  10,000  megawatts/cm  .  The  mechanism  is  essentially 
the  same  as  in  a  gas,  but  the  hot  plasma  produced  inside 
a  solid  produces  thermal  stresses  which  lead  to  gross 
permanent  damage.  Of  course,  damage  will  occur  at  lower 
radiation  density  levels  if  the  material  contains  any 
sizable  impurities  which  are  capable  of  absorbing  the 
laser  radiation  (for  example,  platinum  particles  of  the 
type  often  found  in  glass).  Damage  arising  in  this  manner 
can  be  avoided  by  more  careful  preparation  of  the  materials. 
After  gathering  enough  data  to  confirm  our  opinions  on 
laser-induced  damage  to  solids,  we  stopped  work  in  this 
area.  Work  by  others  doing  research  in  this  area  has 
yielded  similar  results,  with  similar  conclusions.  Some 
workers  have  observed  laser  radiation -induced  bulk 
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photo -conductivity  In  transparent  media  just  below  the 
damage  threshold  (we  had  observed  a  similar  production 
of  free  electrons  Just  below  the  breakdown  threshold  In 
gases). 

The  second  major  area  in  which  ve  did  research  suo- 
ported  by  this  grant,  was  saturable  absorption.  A  simple 
two-level  atomic  system,  exhibiting  absorption  at  a  given 
frequency,  will  become  Increasingly  transparent  at  photon 
irradiances  (i.e.  photons/cm  sec)  in  excess  of  (gt)  , 
where  o  is  the  absorption  cross-section  of  a  single  atom 
and  t  is  the  lifetime  of  the  excited  state.  The  situation 
is  more  complicated  when  the  energy-level  structure  of 
the  atom  is  more  complex,  and  when  excited-state  transitions 
have  to  be  taken  into  account.  Organic  dyes  are  pa?:ticular- 
ly  Interesting  saturable  absorbers  because  of  their  very 
large  cross-sections.  These  dyes  have  been  extensively 
used  for  both  Q-switchlng  and  mode-locking  in  solid  laser 
systems. 

After  a  relatively  superficial  study  of  a  number  of 
saturable  absorbers,  we  decided  to  make  an  extensive  study 
of  a  small  number  of  organic  dyes  (with  basically  differing 
characteristics)  which  exhibit  saturable  absorption  at 
the  wavelength  of  a  ruby  laser.  Some  of  the  results  of 


5 


this  study  have  been  published,  end  the  entire  study  Is 
described  In  detail  In  Appendix  1.  As  e  result  of  this 
study  we  ere  now  able  to  set  criteria  for  various  appli¬ 
cations  of  saturable  absorbers,  and  we  feel  we  have  an 
extensive  understanding  of  the  particular  dyes  which  we 
have  studied.  In  addition,  we  have  found  that  the  satur¬ 
ation  characteristics  of  a  dye  can  provide  considerable 
Insight  Into  the  energy-level  structure  of  the  dye  -- 
particularly  with  regard  to  excited  states  and  Intersystem 
crossing  times. 

II.  Publications  Resulting  from  the  Work  Supported 

by  this  Grant 

1.  M.  Hercher,  M.  Young  and  C.  Wu,  "Soma 
Characteristics  of  Laser-Induced  Air  Sparks," 

J.  Appl.  Phys.  37,  4938  (1966). 

2.  M.  Young  and  M.  Hercher,  "Dynamics  of  Laser- 
Induced  Breakdown  in  Gases,"  J.  Appl.  Phys.  38, 
4393  (1967). 

3.  E.  Panlzza  and  P.J.  Regensburger, "Optical  Probe 
Attenuation  in  CSo  Induced  by  a  Ruby  Laser," 

Phys.  Letters  24A,  321  (1967). 

4.  M.  Hercher,  D.L.  Stockman  and  W.  Chu,  "An 
Experimental  Study  of  Saturable  Absorbers  for 
Ruby  Lasers,"  J.  Quantum  Electronics,  QE-4, 

954  (1968). 

(A  more  comprehensive  paper  on  saturable  absorption  in 
organic  dyes  is  in  preparation*) 


l 


APPENDIX  1 


A  STUDY  OF  SATURABLE  ABSORBERS 
FOR  RUBY  LASERS 


William  P.  Chu 


Submitted  in  partial  fulfillment 
of  the  requirements 
for  the  degree  Doctor  of  Philosophy 
in  the  Department  of  Physics  and  Astronomy 

1970 


Supervised  by  Prof.  Michael  Hercher 
The  Institute  of  Optics 


ABSTRACT 


This  thesis  describes  a  study  of  ths  nonlinear  ab¬ 
sorption  properties  of  a  number  of  ths  organic  dye  mole¬ 
cules  which  have  been  widely  used  In  conjunction  with 
ruby  lasers*  The  dominant  characteristic  of  this  non¬ 
linear  behavior  is  a  reduction  in  the  optical  transmission 
of  a  dye  sample  when  irradiated  with  intense  laser  light* 
The  three  dye  molecules  studisd  are  cryptocyan  ins*  metal- 
free  phthalocyanine,  and  chloroaluodnum  phthalocyanins , 
which  were  dissolved  in  a  variety  of  solvents* 

Zn  chapters  ZZ  and  XIX,  the  primary  photophysicsl 
processes  of  polyatomic  molecules  are  discussed.  Several 
excited-state  lifetime  of  the  three  molecules  have  been 
determined  experimentally*  It  was  found  that  the  n on- 
radiative  internal  conversion  lifetime  for  the  transition 
from  the  first  excited  singlet  to  the  ground  state  for 

m  Q 

metal-free  phthalocyanlne  is  7  x  10  sec* 

Zn  chapter  XV,  the  saturation  of  molecular  absorption 
for  these  three  molecules  is  analysed  on  the  basis  of  a 
rate  equation  approach  to  a  simple  three-level  model  plus 
exclted-sti.te  absorptions*  Experimental  results  on  the 
saturation  of  absorption  and  fluorescence  are  comparable 
to  analytical  results  for  the  range  of  Q-swltched  pulse 
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durations  be  in g  uMd,  Excited  •  Inf  1st- stats  absorptions 
ara  found  to  be  tha  don in ant  causa  of  tha  residual  losses 
exhibited  by  phthalocyanlne  molecules.  Tha  axeltad  sing¬ 
let-singlet  absorption  cross-section  ass  found  to  bo 
.10-”  on2.  Tha  observed  saturation  maximal  in  tha  non¬ 
linear  absorption  of  chloroalunlmtn  phthalocyanlne  at 
high  laser  intensity  is  explained  in  terns  of  a  nodal  in- 
volvinp  three  absorptive  transitions  in  the  sinylat  mani¬ 
fold.  a  value  of  -10*11  sac  for  internal  conversion  fron 
the  second  excited  sinylet  to  the  first  singlet  state  is 
deduced  fron  the  experimental  data. 

The  fsnsral  character  is  ties  of  dye  0- switched  laser 

•  t  t 

pulse  evolution  are  discussed  in  chapters  v  and  VX.  We 
describe  experiments  which  ware  performed  to  study  the 
nature  of  the  spectral  hole-burning  responsible  for  fre¬ 
quency-locking  between  different  lasers.  Several  possible 
nechanisns  for  the  phenomenon  are  discussed. 
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CHAPTER  I 


INTRODUCTION 

Since  the  first  successful  operation  of  passively 

Q-switchcd  lasers  using  strongly  absorbing  organic  dye 

* 
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molecules  as  saturable  absorbers ,  *  general  interests 

have  been  to  investigate  the  nonlinear  absorption  pro¬ 
perties  of  these  organic  molecules  with  high  intensity 
laser  radiation.  In  particular,  saturation  of  molecular 
transitions  which  is  the  basic  mechanism  for  the  switching 
process  in  a  passively  Q-switched  laser  has  been  intensely 
studied  both  experimentally  and  theoretically.  Organic 
polyatomic  molecules  are  known  to  have  complex  energy- 
level  structures  which  can  be  separated  into  the  singlet 
and  the  triplet  manifolds,  and  these  excited  levels  which 
are  coupled  to  the  photo-excitation  will  have  different 
relaxation  processes,3  A  detailed  study  of  the  satura¬ 
tion  mechanism  of  these  molecules  will  require  knowledge 
of  the  nature  of  the  excited  levels  involved  and  their 
respective  relaxation  rates.  Under  high  intensity  ex¬ 
citation,  in  addition  to  the  absorption  processes  which 
originate  in  the  ground  state  of  the  molecules,  excited- 
state  absorption  will  also  become  significant  if  the 
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transition  is  allowed  and  if  the  steady-state  concentra- 

4 

tion  of  the  excited  level  is  significant. 

Early  experiments  on  the  saturation  of  molecular 
transitions  for  organic  dye  molecules  were  done  by 

C 

Armstrong,  in  which  the  transmission  of  several  phtha- 
locyanine  molecules  dissolved  in  some  inert  solvents  was 
measured  as  a  function  of  incident  power  from  a  Q-switched 
ruby  laser.  The  experimental  results  were  then  compared 
with  a  steady-state  mechanism  for  a  two-level  system, 
even  though  some  of  his  results  indicated  that  the  triplet 
states  had  been  appreciably  populated.  Gires  and  Combaud6 
similarly  studied  a  variety  of  phthalocyanine  molecules, 
where  they  concluded  that  the  triplet  states  of  the  phtha¬ 
locyanine  were  nogligibly  populated,  thus  a  steady-state 
two-level  system  for  the  molecules  would  be  adequate  to 
describe  the  saturation  of  absorption.  Later  invest iga- 
tion  by  Kosonocky  '  showed  that  after  the  passage  of  a 
high  intensity  laser  pulse,  almost  all  of  the  molecules 
can  be  in  the  triplet  state.  The  question  arises  as  to 
how  important  a  role  does  the  triplet  state  play  in  de¬ 
termining  the  saturation  of  absorption.  Since  the  inter- 
system  crossing  time  and  the  triplet-state  lifetime  are 
no.t  precisely  known,  experimental  results  on  saturation 

of  absorption  are  generally  compared  to  models  which 
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assume  the  two  relaxations  to  be  either  short,  or  long 
with  regard  to  the  incident  laser  pulse  duration. 
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Under  a  fast-relaxation  steady-state  condition*  the 

saturation  of  absorption  for  any  two  or  three  level  models 

11  12 

was  shown  to  depend  on  the  input  power  level.  Shelden 

has  considered  the  case  for  a  two-level  system  in  which 

the  excited-state  lifetime  is  long  enough  to  invalidate 

the  steady-state  assumption.  Calculation  on  saturation 

of  absorption  indicated  significant  departure  from  the 

13 

steady-state  results.  Hercher*  at.  al.  have  considered 
systems  with  a  long-lived  triplet  state  and  fast  inter¬ 
system  crossing!  the  saturation  of  absorption  in  this  case 
was  shown  to  depend  on  the  integrated  energy  input.  Ex¬ 
perimental  results  havo  not  been  obtained  which  would 
verify  these  predictions. 

Measurements  on  the  saturation  of  absorption  for 
organic  molecules  indicated  that  the  molecules  do  not 
become  completely  transparent  even  at  a  very  high  inten¬ 
sity  level;10  there  are  residual  losses  present.  Gires10 
first  proposed  this  as  due  to  excited-state  absorption. 
Hercher*11  and  Huff*14  have  considered  different  aspects 
of  the  excited-state  absorption  on  saturation  of  molecular 
absorptions.  The  experimental  observations  of  Gibbs4 
indicated  that  significant  excited-state  absorption  does 
take  place  in  chloroaluminum  phthalocyanine  molecules 
when  excited  with  a  Q-switched  ruby  larer  pulse.  Further¬ 
more*  an  increase  in  the  transmission  of  the  molecules 
up  to  some  maximum  value  with  a  subsequent  decrease  at  a 
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still  higher  intensity  level  was  observed.  However#  it 
is  not  clear  whether  this  is  due  to  excited-singlet  or 
triplet-state  absorption. 

Another  problem  associated  with  the  saturable  ab¬ 
sorbers  which  has  been  of  considerable  interest,  concerns 
the  question  of  the  homogeniety  of  the  broadening  mechan¬ 
ism  of  the  electronic  transitions  in  these  molecules. 

Since  t'ie  output  spectral  bandwidth  of  dye  Q-switched 

1 

laser  is  extremely  narrow#  some  frequency  selective 
mechanism  by  the  dye  molecules  may  be  involved.  Sooy15 
has  pointed  out  that  natural  selection  of  mode  by  the 
absorber  in  the  laser  cavity  would  be  possible  due  to  the 
large  number  of  loop  transits  in  the  cavity  required  for 
the  buildup  of  the  Q-switched  pulse.  Soffer  and 
McFarland,16  in  their  experiments  with  frequency-locking 
of  two  lasers#  indicated  significant  spectral  hole-burn¬ 
ing  docs  exist  in  the  phthalocyanine  molecules.  The  term 
"spectral  hole-burning"  implied  a  reduction  in  absorption 
in  the  vicinity  of  a  specific  frequency.  However# 
measurements  on  the  bleaching  spectrum  of  the  phtha- 
locyaninc  molecules  indicated  no  permanent  (i.c.  of 
greater  duration  than  20  nsec  or  so)  holes  exist  in  the 

g 

spectral  transition.  This  problem  is  still  unresolved 
at  this  stage. 

The  purpose  of  this  thesis  is  to  study  the  three 
most  commonly  used  saturable  absorbers  for  Q-switching 


ruby  lasers  cryptocyanine,  metal-free  phthalocyanine,  and 
chloroaluminum  phthalocyanine.  Their  saturation  charac¬ 
teristics  will  be  investigated  by  first  determining  sev¬ 
eral  of  their  excited-state  lifetimes*  Then  experimental 
results  on  saturation  of  absorption  will  be  compared  with 
theoretical  results.  Experiments  will  be  performed  to 
investigate  the  nature  of  residual  absorption  and  the 

i 

problem  of  spectral  hole-burning*  In  Chapter  II,  the 
primary  photophysical  processes  of  organic  polyatomic 
molecules  which  are  important  in  the  saturation  of 
molecular  absorptive  transitions  will  be  discussed 
briefly.  Chapter  III  is  concerned  with  the  general 
spectroscopy  of  these  three  molecules*  Various  excited- 
state  lifetimes  will  be  determined.  In  Chapter  IV, 
different  mechanisms  leading  to  the  saturation  of  mole¬ 
cular  absorption  will  be  discussed,  and  the  experimental 
results  compared  with  the  theoretical  expressions. 
Additional  measurements  will  be  performed  to  Investigate 
the  excited-state  absorption  processes,  which  will  serve 
to  determine  the  nature  of  the  residual  losses.  Chapter 
V  and  VI  arc  concerned  with  the  output  characteristics 
of  passively  Q-switched  laser.  Experiments  on  the  fre¬ 
quency-locking  of  two  lasers  will  be  performed  to  inves¬ 
tigate  the  nature  of  the  spectral  hole-burning  exhibited 
by  the  dye  molecules.  Several  possible  mechanisms  lead¬ 
ing  to  frequency-locking  of  two  lasers  will  be  discussed. 
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CHAPTER  II 


GENERAL  PROPERTIES  OF  THE  MOLECULES 

II-l  Introduction 

i 

In  this  chapter  we  consider  briefly  some  aspects  of 
the  spectroscopy  and  related  relaxations  of  the  molecules 
which  are  most  commonly  used  as  saturable  absorbers  for 
Q-switching  ruby  lasers.  These  will  be  of  direct  interest 
to  us  in  studying  the  dynamics  of  these  molecules  when 
used  as  Q-svitching  devices  inside  ruby  laser  cavities, 
in  particular,  for  the  study  of  the  saturation  of  absorp¬ 
tion  under  strong  laser  radiation. 

II-2  The  Interaction  of  Light  with  Polyatomic  Molecules 

Due  to  the  manifolds  of  vibrational  and  rotational 
levels  associated  with  each  electronic  state  of  a  poly¬ 
atomic  molecule,  its  interaction  with  an  electromagnetic 
field  is  significantly  different  from  that  of  a  simple 
atomic  system.  In  particular,  radiationless  relaxations 
will  be  greatly  enhanced  due  to  overlapping  of  vibrational 
and  rotational  levels.  Triplet  states,  under  the  zeroth 
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Figure  II-l.  Potential  energy  diagram  for  a  diatomic 
molecule,  SQ,  S^,  and  denote  ground  singlet,  first 
excited  singlet,  and  first  triplet  respectively • 


INTERN UC  LEAR  SEPERATKM 
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order  restriction  of  spin  adoption  rules,  cannot  bo 
optleally  excited  fron  tho  ground  singlet »  however,  with 
•nail  in  tor-no  locular  perturbation,  wtak  coupling  otill 
oxiata.  Tho  coupling  batwoon  tho  triplot  and  tho  excited 
sing  lot  io  stronger  than  with  tho  ground  ainglot  duo  to 
•trongor  vibronic  overlapping,  thus  making  thio  coupling 

ono  of  tho  major  channola  of  decay  for  tho  oxcitod  ainglot 

$ 

•Uto« 

As  a  simple  illustration,  a  diagram  for  tho  poten- 
tial  onorgy  curves  of  a  diatomic  moloculo  is  shown  in 
figuro  ZZ-1.  Within  oach  potential  well  sovoral  vibra¬ 
tional  levels  aro  drawn)  tho  corresponding  wavof unctions 
aro  also  shown.  Zt  should  bo  noted  that  for  a  polyatomic 
moloculo,  potential  onorgy  surfaces  havo  to  bo  construct¬ 
ed  with  tho  associated  vibrational  levels.  Photon  ab¬ 
sorption  proeossos  generally  obey  the  Franck-Condon  prin¬ 
ciple,  which  states  that  tho  time  required  for  tho  ab¬ 
sorption  of  a  quantum  of  light  and  tho  resultant  transi¬ 
tion  of  an  electron  to  an  excited  state  is  so  short 
(10*15  sec)  compared  to  the  period  of  vibration  of  tho 
moloculo  (10* 13  see)  that  during  tho  net  of  absorption 
and  excitation  tho  nuclei  do  not  appreciably  alter  their 
relative  position  or  thsir  kinetic  energies.  Thus  tho 
vortical  straight  linos  represent  transitions  to  tho 
various  vibrational  levels  of  the  oxcitod  electronic 


state. 
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Relaxation  of  the  excitation  normally  follows  ssvoral 
different  channels  of  decay.  Resonant  fluorescence  is 
rarely  obsorved  for  polyatomic  molecules  even  in  vapor 
phw.c,  as  the  nolecules  vibrationally  equilibrate  quickly# 
usually  dropping  to  the  seroth  vibrational  level**, 
riuorcscencc  will  originate  from  the  seroth  vibrational 
level  to  the  various  vibrational  levels  in  the  ground 
state  vith  «  lifetime  which  is  determined  by  the  dipole 
strength  of  the  electronic  transition.  Radiationless  re¬ 
laxation  front  the  excite/  state  to  the  ground  state  de¬ 
pends  ntronoly  on  the  overlapping  of  the  two  different 
vib-cnic  manifolds#  and  also  on  environmental  effects! 
such  as  solvent  quenching, 

Intersyntrn  crossing  to  the  triplet  state  has  been 
known  to  play  a  vital  role  in  depopulating  the  excited 
singlet.  At  present#  the  nature  of  the  radiationless 
lntorsystem  crossing  is  still  not  well  understood.  Trans¬ 
fer  via  the  vibronic  overlapping  is  believed  to  be  the 
dominating  mechanism#  but  solvent  perturbation  and  spin- 

orbital  coupling  due  to  paramagnetic  constituted  atoms 

2 

are  also  important  • 

Radiative  relaxation  of  the  triplet  state  is  known 
to  be  relatively  long  due  to  small  coupling  between  the 
triplot  and  the  ground  singlet#  which  gives  rise  to  after¬ 
glow  or  phosphorescence,  Zn  a  liquid  state  no  phosphores¬ 
cence  can  normally  be  observed#  generally  due  to  solvent 
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or  impurity  quenching.  Oxygen  has  been  known  to  be  a 
particularly  effective  quencher  of  organic  triplets  in 
solution.  Second  order  processes ,  most  notably  excited- 
state  concentration  quenching,  will  be  important  if  the 
concentration  of  the  excited  molecules  is  high.  The  over¬ 
all  rate  of  decay  of  the  triplet  can  be  written  as, 

d (N2)  2 

- -  ■  k  (W  )  ♦  k,(Mj  +k,(M)(N_)  (11-1) 

dt  1  2  2  2  3  2 

where  (N2)  is  the  concentration  of  the  triplet,  (M)  is  the 

concentration  of  the  quenching  molecules  or  the  impurities, 

k^,  kj,  and  k^  are  the  radiative  decay,  second  order 

decay,  and  the  bimolecular  quenching  rates  respectively. 

Absorptive  transitions  to  higher  excited  states  are 

also  possible  if  the  transitions  are  allowed.  Relaxations 

of  the  higher  excited  states  will  be  extremely  fast,  of 
-11  -12 

order  10  to  10  sec,  due  to  strong  overlapping  of  the 
different  vibronic  manifolds^.  The  triplet-triplet  ab¬ 
sorption  spectrum  can  be  measured  with  the  technique  of 
flash  photolysis  if  the  lifetime  of  the  first  triplet  is 
sufficiently  longi  however,  little  work  has  been  done  on 

the  first  excited  singlet's  absorption  due  to  the  fact 

—8 

that  its  lifetime  is  of  the  order  of  10  sec  or  less 
for  strongly  allowed  transition. 
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Figure  II-2.  Jablonski  energy-level  diagram,  show¬ 
ing  the  singlet  and  triplet  manifolds,  with  the 
associated  vibronic  sub-structure. 
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II-3  Modified  Jablonskl  Diagram  and  Related  Parameters 


In  figure  II-2,  we  have  used  a  modified  Jablonski 
diagram  to  describe  the  energy-level  structure  of  a  typical 
polyatomic  molecule ,  showing  the  singlets  and  the  triplets 
with  their  associated  vibrational  manifolds.  Various 
first  order  relaxations  are  labelled  at  r^.  We  neglect 

i 

rate  processes  of  second  order  in  dye  concentration  be¬ 
cause  in  all  cases  a  dilute  solution  of  the  molecules  was 
used. 

The  following  is  a  brief  discussion  of  each  of  the 
parameters  which  is  important  in  treating  the  interaction 
of  light  with  a  typical  polyatomic  molecule. 

(1)  o  -  (absorption  crcss-section) t  In  terms  of  the 
Einstein  B  coefficient  the  probability  of  an  induced  trans- 

i*  W  Ag  Lfc 

ition  from  the  i  level  to  the  jtn  level  in  a  unit  volume 
per  unit  time  is 


u'V 


B 


ij 


(II-2) 


Here  ufv^)  is  the  energy  density  of  the  incident  electro¬ 
magnetic  radiation  at  frequency  v^.,  is  the  number  of 


molecules  in  the  i 


th 


ij1 

level,  and  the  coefficient  is 


I2 


(H-3) 


14- 
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Here  g^  is  the  degeneracy  of  the  Initial  state,  is 

the  total  dipole  moment  matrix  elemeit  squared,  which  is 
summed  over  all  degenerate  final  and  initial  substates. 


If  we  assume  that  the  exciting  radiation  is  in  the  form 


of  a  quasi-collimated  beam  having  a  photon  irradiance 

2 

I(v^)  photons/cm  sec,  at  the  frequency  v^,  we  can  write 
the  probability  of  the  induced  transitions  per  sec  as 


1(V 


0  N 
ij  i 


(II-4) 


Where  ■  Dijhvij/C  *8  the  Absorption  cross-section  of 
the  molecule  at  frequency  ,  This  quantity  is  a  charac¬ 
teristic  of  the  moelcules  involved  and  is  independent  of 
the  incident  radiation. 

A  determination  of  the  absorption  cross-section  for 
a  particular  transition  can  easily  be  made.  According 
to  Beer's  law 


(II-5) 


The  transmission  of  the  small  signal  incident  intensity 
I  is  determined  by  N  ,  the  concentration  of  the  molecules, 
ov,  the  absorption  cross-section  at  frequency  v,  and  x, 
the  thickness  of  the  cell  being  used. 
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(2)  Tji  -  (spontaneous  radiative  lifetime) t  This  is 
just  the  inverse  of  the  Einstein  A  coefficient  and  is 
given  by 


64  ir4v3|u13|2 
3 fl  c3  g3 


(II-6) 


For  polyatomic  molecules,  if  the  excited  state  is  homo* 
geneously  broadened,  t33  can  be  approximated  from  the  in¬ 
tegrated  absorption  curve  by  the  modified  Fuchbauer- 
Ladenburg  formula3 


31 


2.83  x  10"9n2<V  “3>  1 
r  Ave 


2if 

.  ?3  > 


edJtnS 


(II-7) 


wher.  <v’3>^e 


|l (v)dv/|v"3I(v)dv,  I(v)  is  the  fluores¬ 
cence  intensity  profile,  c  is  the  extinction  coefficient, 
g^'s  are  the  degeneracy  parameters  associated  with  each 


,th 


level,  and  n  is  the  index  of  refraction. 


(3)  t3  -  (overall  lifetime  of  the  excited  state) t 
Since  second  order  kinetics  are  not  important  in  a  dilute 
solution,  we  consider  only  the  several  first  order  re- 
laxations  from  the  first  singlet,  t3  will  be  given  by 


t3 


(II-8) 
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Experimentally,  can  be  determined  if!  the  radiative  life¬ 
time  t  and  the  quantum  yield  of  fluorescence  is 

known,  then  Tj  will  be  given  by 


T3 


’fl.  t31 


(I  I- 9) 


Tj  can  be  measured  directly  by  exciting  the  molecules  with 

short  duration  light  pulses  and  observing  the  fluorescence 

with  a  high  speed  detecting  system.  Using  a  mode-locked 

laser  as  an  exciting  light  source  with  output  pulses  of 

duration  in  the  10"**  sec  region,  decay  times  of  the 
-9 

order  of  10  sec  can  be  measured  with  a  high  speed  photo- 

4 

multiplier.  Duguay  and  Kansen  recently  were  able  to 
measure  lifetimes  in  the  region  of  10”11  sec  with  an 
ultrafast  light  gate. 

(4)  Tj2  -  (Intersystem  crossing  time) x  No  direct 
spectroscopic  method  can  be  used  to  determine  the  inter¬ 
system  crossing  to  the  triplets.  Techniques  by  vrhich  the 
populations  of  the  triplet  arc  being  measured  have  been 
used  to  estimate  the  intersystem  crossing  rates.  For 
strongly  phosphorescing  molecules,  measurements  of  the 
quantum  yisld  of  phosphorescence  will  give  an  order  of 
magnitude  for  the  intersystem  crossing  rates5.  For  mole¬ 
cules  exhibiting  strong  triplet-triplet  absorptions,  the 
time  development  of  the  triplet  state  populations  under 
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excitation  of  a  short  duration  pulse  to  the  first  singlets 

can  be  used  to  deduce  the  values  of  *  However,  if  the 

values  of  t„,  t,  .,  and  t.  are  known,  t  can  bo  determined 
3  31  i  32 

from  equation  ( I 1—8 ) .  Zn  some  of  the  organic  molecules, 
non-rad iative  relaxations  back  to  the  ground  states  are 
not  significant,  and  can  be  determined  by  the  simple 
expression 

t„  -  (ii*io) 

t31  *  t3 

(5)  t21  -  (Overall  lifetime  of  the  triplet) i  From 
(II— 1)  we  see  that  the  triplet  will  relax  with  the  three 
different  mechanisms.  Neglecting  second  order  decay,  we 
assign  t21  as  an  overall  lifetime*  Details  concerning 
the  triplet  decay  and  its  determination  have  been  dis¬ 
cussed  before.  However,  it  should  be  emphasized  that 
triplet  decays  are  generally  long  compared  to  other  ex¬ 
cited-state  relaxations,  and  are  usually  dominated  by  non- 
radiative  processes. 

(6)  -  (Quantum  yield  of  fluorescence)!  This 

ill 

quantity  is  defined  as 

.  m  Number  of  fluorescent  photons 
7fl*  Number  of  absorbed  photons 
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The  relation  between  the  radiative  lifetime  and  the  quantum 
yield  of  fluorescence  is  given  by  (II-9) •  Ordinary 
fluorescence  measurements  can  be  used  to  determine 
by  integrating  the  total  fluorescence  output  as  compared 
with  the  amount  of  light  absorbed  by  the  sample. 

(7)  Non-radiative  relaxationsi  These  include  re¬ 
laxation  processes  from  the  first  excited  singlet  to  the 
ground  singlet  t^,  intersystem  crossing  T32#vibronic 
relaxation  within  an  electronic  state  Ty,  and  higher  ex¬ 
cited  electronic  state  relaxation  processes  to  the  adjacent 
lower  excited  state  Tfi.  The  theory  of  non-radiative 
transitions  is  still  incomplete  due  to  the  complexity  of 
the  problem.  Environmental  perturbation,  especially  the 
interaction  with  the  phonon  field  of  the  solvent  molecules, 
have  been  treated  theoretically  by  Gouterman7.  Pertur¬ 
bations  due  to  various  vibronic  manifold  overlappings 
have  been  treated  by  Siebrand,®'®'*0'**  and  Robinson2'*2. 
Comparing  theoretical  predictions  with  experimental  data, 

Siebrand  was  able  to  obtain  sufficiently  good  agreements 

9  10 

for  the  case  of  aromatic  hydrocarbons  '  •  As  for  other 

large  organic  molecules,  experimental  data  are  still 
lacking  for  a  detailed  theoretical  analysis.  Experimental 
determinations  of  the  various  non-radiative  relaxation 
processes  are  generally  difficult  since  direct  detection 
method  can  seldom  be  used.  For  the  case  of  internal 
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conversion  rates  1  from  the  first  excited  singlet 
states,  one  has  to  deduce  their  values  by  determining  the 
rates  for  the  various  competing  channels  of  decays  inter¬ 
system  crossing  and  radiative  decay*  Vibrational  relax¬ 
ation  rates  (tv)"1  are  believed  to  be  very  feet  for  rela¬ 
tively  lnrnc  molecules,  due  to  the  fact  that  fluorescence 
is  generally  observed  to  be  originated  from  the  thermally 
broadened  lowest  vibronic  levels  of  the  excited  singlets. 
Using  the  ultrafaot  light  gate  technique,  Duguay  and 

Hansen4  have  been  able  to  measure  this  relaxation  rate, 

12  -1 

which  is  -10  sec  for  polymethine  dye  molecules*  Xn- 

tornal  conversion  rates  among  the  highor  excited  states 

(t  l"1  will  be  greatly  enhanced  for  large  molecules  due 
6 

to  the  strong  overlappings  among  the  different  vibronic 
manifolds  each  associated  with  the  closoly  spaced  excited 
electronic  states.  Intersystem  crossings  from  higher  ex¬ 
cited  states  to  states  with  different  multiplicity  have 
been  found  to  be  insignificant  compared  to  internal  con¬ 
version13,  indicatina  that  spin-selection  rules  are  still 
preserved  at  higher  excited  levels* 

II-4  Homogeneously  versuo  Inhomogenoously  Broadened  Syetcm 

In  contrast  to  atomic  system,  polyatomic  molecules 
exhibit  diffused  absorption  bands  due  to  the  overlapping 
of  the  manifolds  of  broadened  vibrational  levels*  The 
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broadening  mechanisms  for  each  individual  vibronic  level 
can  generally  be  seperated  into  two  categories.  Firstly, 
the  thomal  broadening  caused  by  random  fluctuations  of 
the  nuclear  coordinates  in  the  molecules)  and  secondly, 
the  collisional  broadening  caused  by  environmental  per¬ 
turbations,  Low*  temperature  measurements  on  the  absorp¬ 
tion  and  esiission  spectra  can  sometimes  reveal  the  fine 

14 

structure  of  the  vibrational  levels  •  Similarly,  some 
nolocules  show  diffused  absorption  and  emission  bands  in 
the  prcsoncs  as  well  as  absence  of  collisions15.  One 
infers  that  thermal  broadening  is  the  dominating  mechanism 
for  the  broadening  of  the  vibronic  levels.  Environmental 
perturbations,  in  particular  collisions  between  solvent 
and  molecules  in  liquid  solutions,  provide  the  means  for 
the  transfer  of  the  excited  vibrational  energy  to  the 
surroundings. 

For  a  system  of  absorbing  centers,  either  in  the  gas 
phase  or  in  the  liquid  phase  with  some  inert  solvent,  if 
the  absorption  and  emission  profiles  of  each  individual 
absorbing  center  are  identical,  the  system  is  said  to  be 
homogeneously  broadens4,  Zf,  on  the  contrary,  the  ab¬ 
sorption  and  emission  profiles  of  some  of  the  absorbing 
centers  are  different,  it  is  ihhomogeneously  broadened, 

A  system  of  molecules  in  the  gas  phase  is  a  typical 
examplo  of  an  inhomogeneously  broadened  system  (i,e, 
Doppler  broadening),  while  that  in  a  dilute  solution  is 
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generally  homogeneously  broadened*  However,  if  the  system 
of  molecules  comprises  different  isomers,  the  absorption 
profile  will  be  inhonogcncously  broadened*  Cyanine  dye 
nolcculos  have  baen  shown  to  consist  of  equilibrium  mix¬ 
tures  of  two  or  more  isomers  at  room  temperature)  the 
system  exhibits  strongly  overlapping  absorption  bands 
which  can  be  resolved  only  at  very  low  temperature*** 

A  particularly  interesting  property  associated  with 
ir.hcr.ogeneously  broadened  system  is  that  an  intense  mono¬ 
chromatic  light  of  frequency  vQ  can  burn  a  spectral  hole 
in  the  absorption  curves,  similar  to  the  hole-burning  in 
gas  lasor  system17.  Spectral  hole-burning  denotes  re¬ 
duction  of  absorption  occurs  only  in  the  vicinity  of 
frequency  vQ*  For  homogeneously  broadened  molecular 
system,  spectral  hole-burning  can  occur  only  on  a  tran¬ 
sient  basis  due  to  the  finite  vibrational  relaxation  time 
of  the  excited  states  of  the  molecules18.  This  property 
will  be  discussed  further  in  Chapter  VI* 
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CHAPTER  III 


GENERAL  SPECTROSCOPY  OF  THE  THREE  MOLECULES! 
CRYPTOCYANINE,  METAL-FREE  PHTHALOCYANINE,  AND 
CHLORO ALUMI NUM  PHTHALOCYANINE 

IIItI  Introduction 


In  this  chapter,  we  shall  discuss  the  general  spec¬ 
troscopy  of  cryptocyanine  (1,1*  diethyl-4, 4* -mononethin- 
equinocyanine  iodide) ,  metal-free  phthalocyanine,  and 
chloroaluminum  phthalocyanine  (hereafter  referred  to  as 
CC,  HjPC,  and  CAPC  respectively),  in  considerable  detail. 
Experimental  determinations  of  the  various  parameters 
associated  with  these  three  molecules  are  also  given. 

III-2  Molecular  Structures  and  Energy  Levels 

The  molecular  structures  of  these  three  molecules 
are  shown  in  figure  III-l.  Earliest  calculations  of  the 
energy  levels  of  these  molecules  had  been  done  by  Kuhn* 
assuming  a  free-electron  model  for  the  ir-electrons,  cir¬ 
culating  in  the  ring  system  of  the  phthalocyanine  mole¬ 
cules  or  in  the  long  chain  system  of  the  cyanine  molecules. 
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Figure  III-l.  Molecular  structure  for  (a)  H2PC, 
(b)  CAPC,  and  (c)  CC. 
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Figure  II 1-2.  Absorption  and  fluorescence  spectra 
of  (a)  II^PC  in  1-chloronaphthalene,  (b)  CAPC  in 
pyridine,  and  (c)  CC  in  methanol.  Solid  lines  are 
for  absorption,  broken  lines  are  for  emission. 

The  vertical  scales  are  relative. 
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Qualitative  agreements  with  the  absorption  spectrum  of 

these  molecules  can  be  obtained  from  this  simple  theory. 

2 

Recently  Chen  did  a  detailed  molecular  orbitals  calcula¬ 
tion  of  the  phthalocyanine,  showing  good  agreement  for  the 
oscillator  strength  and  the  locations  of  the  transitions. 

XXX-3  Absorption  and  Fluorescence.  Determination  of 
Quantum  Yield  of  Fluorescence  for  IUPC 

The  first  electronic  absorption  and  fluorescence 
spectra  of  these  molecules  are  shown  in  figure  III-2. 

Mirror  images  of  the  absorption  profile  are  generally  ob¬ 
served  for  the  fluorescence  spectrum,  indicating  that  the 
ground  and  the  first  excited  state  Franck-Condon  curves 
arc  similar.  The  splitting  in  the  metal-free  phthalo- 
cyanine  absorption  curves  is  due  to  the  lifting  vf  the 
degeneracy  by  the  lower  symmetry  of  the  moclcular  struc¬ 
ture  (two-fold  symmetry  for  the  metal-free  versus  four- 

2 

fold  symmetry  for  the  metal  phthalocyanine  ) .  The  Stokes 

o 

shifts  of  the  fluorescence  peaks  are  approximately  50  A 
for  both  phthalocyanine,  whereas  cryptocyanine  exhibits 
a  large  Stokes  shift  of  200  &•  Solvent  effects  on  the 
locations  of  the  absorption  peak  have  been  measured  for 
CAPC.  For  the  four  solvents  used,  viz.  1-chloronaphthalene, 
quinoline,  pyridine,  and  ethyl  alcohol,  the  absorption 
peaks  occur  at  6940  ft,  6870  ft,  6800  ft,  and  6750  ft 
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Figure  II 1-3.  Experimental  setup  for  fluorescence 


measurements. 


CHOPPER 
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respectively. 

The  absorption  profile  of  the  phtheloeyenlne  mole¬ 
cules  hso  been  shown  to  be  homogeneously  boredened*. 

Uniform  reduction  of  Absorption  Across  the  Absorption 
curve  occurs  during  the  pessAne  of  e  high  power  Q-switched 
ruby  leser  pulse.  CryptocyAnlne  behevos  differently  when 
pumped  by  a  Q-swltchcd  ruby  lAsert  slgn4fiCAnt  reduction 
in  Absorption  occurs  only  in  the  t immediete  vicinity  of 
the  ruby  leurr  line  (of  order  10  X4  as  observed  by  Sooy*. 
The  mechenlsm  responsible  for  the  inhomogen lety  of  the 
Absorption  curves  for  cryptocynnine  is  still  not  cleer, 
end  will  be  discussed  further  in  the  next  chepter  in  re¬ 
lation  to  tho  AAturetlon  of  the  moleculos. 

Moesurcnent  of  the  quentum  yield  of  fluorescenco  for 
«2rc  in  1-chloronephthAlene  was  done  using  CATC  in  pyridine 
es  a  standard.  A  schematic  of  the  instrument  is  shown 
in  figure  IXI-3.  An  ENL  model  LS-32  llo-Ne  ges  leser  wee 
used  to  excite  the  molecules  et  §329  X.  The  editions 
were  contAlned  in  stsnderd  1.0-cm-square  cells.  Tho  dye 
concentretlons  of  the  solutions  were  kept  et  sufficiently 
low  levels  to  insure  thst  the  optlcel  densities  of  the 
solutions  were  no  more  then  0.05  so  thst  Deer's  lew  was 
obeyed  end  true  solutions  obteined.  Fluorescence  light 
was  gethorod  through  e  B  i  L  33-00-25  greting  monochro¬ 
me  tor  end  dotected  by  An  XT  *  T  F4034  photomultiplier 
with  An  8-20  surf acc. 
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The  ratio  of  quantum  yield  of  fluorcaeanea  of  HjPC 
to  CATC  was  found  to  ba  approximately  0.6  after  Integrating 
the  two  emiaaion  curves.  Taking  the  value  of  4^  for 
CAPC  to  be  0,7#5  we  have  4fi  ■  0,4  for  H^PC* 

The  value  of  4^  for  crypotocyaninc  in  methanol  waa 
estimated  to  be  approximately  0,01#  whereas  in  viscous 
glycerol#  4tlf  was  measured  to  be  a  factor  of  10  larger, * 
The  solvent  dependence  of  4tl  suggests  either  strong  non¬ 
rad  iative  decay  or  photochemical  isomerization*  through 
the  excited  singlet  state  of  the  cryptocyan ine  molecules, 

III-4  Determination  of  the  Lifetimes  for  the  first 
Excited  Singlet 

• 

The  radiative  lifetime  for  CC  in  methanol#  H^Pe  in 
1-chloronaphthalene#  and  CAPC  in  pyridine  calculated  from 
the  absorption  curves  using  equation  (XX-7)  were  found  to 
be  S  «  10-9,  7,4  x  lO-9#  and  14,7  *  10"9  sec  respectively. 
Measurements  on  the  fluorescence  lifetimes  Tj  for 
the  three  dyes  were  done  using  a  mode-locked  ruby  laser 
output  as  exciting  source.  The  experimental  setup  is 
similar  to  that  shown  in  figure  XXX-3,  A  water  cooled# 

3  inches  long  ruby  rod  with  anti-reflection  coatings  at 
both  ends  was  pumped  with  a  linear  flash  lamp  in  an 
elliptical  cavity.  The  optical  axis  of  the  crystal  was 
-60*  to  the  rod  axis.  The  laser  cavity  lengths  were 
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"iguro  ZZZ-4.  Photographs  for  mode-locked  lsssr  out¬ 
put  and  fluorescence  decay,  (a)  Scope  photograph  shov¬ 
ing  node-locked  ruby  laser  output,  (b)  Pabry-Perot 
interferegran  shoving  rode-lccked  spectrum,  (o'  Scope 
photograph  showing  fluorescence  decay  for  CAPC  in 
pyridine  excited  vith  r.odo-lockcd  laser  output. 


— H  H-  lOnstc 
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(b) 


-H  H-  lOnttc 


(c) 


-32- 


varied  from  1.2  to  1.5  m  with  a  55%  reflectivity  dielectric 
mirror  at  the  front  end,  and  a  99%  reflective  dielectric 
mirrcr  at  the  back  end.  The  separation  from  the  end 
mirror  to  the  ruLy  rod  was  kept  longer  than  50  cm  to  en- 

7 

sure  good  locking  of  the  modes  ,  Cryptocyanlne  dissolved 
in  a  mixture  of  methanol  and  ethyl  alcohol  was  found  to 
give  stable  mode-locked  outputs.  A  typical  oscilloscope 
trace  of  the  mode-locked  laser  output  is  shown  in  figure 
XXX-4,  together  with  the  photograph  for  the  output  spectrum 
taken  with  a  9  ram  quarts  Fabry-Perot  etalon.  The  rela¬ 
tively  small  number  of  nodes  being  locked  together  suggests 
that  the  parallel  end  faces  of  the  ruby  rod  act  as  a 
resonant  reflector  in  discriminating  against  off  resonant 
modes.  The  individual  pulse-width  estimated  from  the 
fabry-Perot  spectrum  is  of  the  order  t  -  1/Av  -  10~9sec. 

It  is  to  be  noted  that  the  ringing  behavior  associated 

# 

with  each  pulse  was  duo  to  the  residual  impedance  mis¬ 
matching  in  the  detecting  system.  The  total  energy  output 
in  an  envelope  cf  pulses  was  0.1  joule,  giving  an  average 
of  10  MW  peak  power  per  pulse  in  the  train. 

The  dye  solutions  were  contained  in  a  standard 
1.0-cm-square  cell.  Fluorescence  outputs  were  detected 
with  an  IT  a  T  piano-photodiode  and  displayed  on  a 
Tektronix  519  travelling  wave  oscilloscope.  RG-10  filters 
were  used  to  eliminate  scattered  laser  light.  The  over¬ 
all  risotime  cf  the  detecting  system  was  less  than  two 


nsec.  Figure  III-4  (o)  shows  a  typical  fluorsscsncs  out¬ 
put  for  CAPC  in  pyridine.  ths  lifetime  was  msasurad  to  ba 
(10,0  t  0.6)  *  10*9  sac.  Cryptocysnins  in  methanol  showad 

a  fluorascancc  lifetime  less  then  the  detector  response 

•o 

time.  i.e.  <2  *  10  sec.  H^PC  in  1-chloronaphthalene 
showed  a  lifetime  comparable  to  the  detector  response 

time)  the  exact  magnitude  could  net  be  determined  due  to 

» 

the  ringing  in  the  detecting  system. 

The  measured  value  of  t3  for  CAPC  agreed  well  with 
the  measurement  done  by  Mack,*  and  also  agreed  with  the 
value  deduced  from  equation  (XX-9).  Cryptocyanine  in 
methanol  exhibits  a  lifetime  of  2.2  *  10*11  sec  as  measured 
by  Dugnay  and  llansen  with  the  ultrafast  light  gate  tech¬ 
nique9  •  Using  the  value  of  2.2  »  10*11  sec  for  .  one 
obtains  from  (II— 9)  a  value  for  ■  0.005.  agreeing 

with  the  estimate  of  Sooy4.  The  lifetime  of  HjPC  is 

estimated  from  (XX-9)  to  be  *3  »  10~9  sec »  this  value  will 

* 

be  compared  with  later  results  on  the  saturation  of  the 
HjPC  molecules. 

XXX-5  Determination  of  the  Intersystem  Crossing  Tines 
£32  *nd  Triplet  Relaxation  Times 

Triplet-state  lifetimes  of  ll^PC  and  CAPC  in  air- 
equilibrated  solutions  have  been  shown  to  be  relatively 
longi  an  order  of  5  «  lo"7  to  10  sec  has  been  obtained 
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by  Kosonocky  and  Harr i son , 8  and  Stockman5,  using  ths  laser 
flash  photolysis  technique.  Tor  degassed  solutions,  the 
lifetime  increases  to  ilO**scc,  indicating  the  quenching 
action  of  dissolved  oxygen  molecules  on  the  population 
of  the  triplet  states.  Xntersystem  crossing  rates  in 
these  molecules  deduced  fror  (II— 8) ,  assuming  slow  non* 

•9 

radiative  relaxation  processes,  are  33.4  x  10  ,  and 

-9 

5  x  io  see  for  CArc  and  H2PC  respectively.  The  value 

.9 

t}2  ■  33.4  *  10  see  for  CAPC  agrees  with  the  recent 
measurement  by  Stocknan5.  The  apparently  fast  crossing 
rate  for  li^PC  is  questionable  since  the  two  molecules 
(CAPC  end  H^PC)  have  similar  molecular  structures.  Two 
measurements  were  performed  to  estimate  the  value  of  T32 
for  the  two  phthalocyanine  molecules.  The  results  have 
great  bearing  on  deciding  the  mechanism  responsible  for 
the  saturation  of  these  molecules  by  high  intensity  light 
pulses,  vis,  energy  saturation  or  power  saturation. 

The  technique  used  to  measure  t32  i*  based  on  the 
assumption  of  a  three-level  scheme  for  the  moelcules. 

The  rate  equations  describing  the  population  changes  of 
n1#  n2,  and  n},  which  are  the  normalised  populations  of 
the  ground,  triplet  and  first  excited  singlet  state  re¬ 
spectively,  can  be  written  as 

dn^/dt  •  ♦  nj/T3i 


(XU-1) 
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dn2/dt  -  n3/t32  CIII-2) 

dn3/dt  ■  lo^n^  -  n3/T3  (XXX-3) 

here  ve  have  1st  ♦  •,  vhich  la  trua  for  phthaloeyanina 
molaculaa  undar  tha  time  aeala  of  intaraat (<10*7  aac) • 
Stimulated  amiaaion  tarns  ara  naglacted  dua  to  tha  faat 
relaxation  from  the  axcited  vibronic  level  to  the  taroth 
vibronic  level.  Tha  aolutlona  to  thaaa  coupled  differ- 
antlal  equations  can  ba  solvad  axactly  assuming  a  atap 
input  irradiance,  giving, 


-1  xifc  x2fc 

nx(t)  -  (Xx  -  X2)  1[(X1  ♦  l/t3)a  1  -CX2+  1/Tj)a  2  J 


(XII-4) 

x.t  x.t 

n3(t)  -  -Uo13/(X1  -  X2)J  (a  1  -  a  2  ) 

(XXX-5) 

n2(t)  ■  1  •  n3(t)  -  n2(t) 

(XXX-6) 

-  (l/2)t-(X013^  1/t3)-AXo13+1/t3)2-4Io13/t32I 

(III-7) 


1/T3>+  ^Xo13+  1/t3)2-4I013/t32) 


X2  -  (1/2)  l-CX013«- 
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Figure  III-5.  Transient  development  of  n^#  n2*  and 
n3  for  a  high  intensity  input  pulse*  It  is  assumed 
that  the  exciting  radiation  field  is  a  rectangular 
pulse  of  duration  30  nsec.  The  curves  labeled  n2  and 
n}  show  the  buildup  and  decline  of  the  triplet  and 
the  first  excited  singlet  respectively*  with  a  time 
constant  t^”1  •  3  *  107  sec"1  during  the  presence  of 
the  exciting  pulse.  The  broken  line  shows  the  trans¬ 
ient  development  of  the  ground  state  nj.  The  figure 
is  intended  to  be  illustrative  only. 
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For  I  >  1/(t3o13),  we  have  X ^  -  -Io13,  *2  *  "l^T32#  *nd 
the  aoluticns  simplify  to 


n3<t) 


t 


-U/t 


32 


)t 


(ZZZ-8) 


n2(t)  -  1 


-(1/T,2)t 

e 


(ZZZ-9) 


The  first  exponential  for  n^  described  the  rapid  buildup 
of  the  n^  state  population,  while  the  second  exponential 
described  the  crossing  rate  into  the  triplet  state.  For 
a  rectangular  input  pulse,  the  relative  time  development 
of  the  three  levels  are  shown  in  figure  ZII-5.  One  infers 
from  this  figure  that  exciting  the  molecules  with  high 
intensity  light  pulses,  the  value  of  t32  and  t21  can  be 
deduced  by  measuring  the  decay  rate  of  n^  and  the  buildup 
for  n^  during  the  transient  region. 

Two  measurements  were  carried  out  to  investigate 
the  time  development  of  n^  and  n2  separately  under  ex¬ 
citation  by  a  high  power  Q-switched  pulse.  Fluorescences 
output  from  these  molecules  give  a  direct  measure  of  the 
population  of  n^.  Fhthalocyanine  molecules  exhibit  strong 
triplet-triplet  absorption  near  4850  X  with  a  peak  ex¬ 
tinction  coefficient  of  the  order  of  4  *  10*  lit-ers/mole- 
5,10 

cm.  The  strong  triplet-triplet  absorptions  were  used 

to  monitor  the  buildup  of  the  triplet  state. 

The  experimental  setup  for  the  fluorescence  output 


Figure  111*6 •  Output  from  Q-switched  ruby  laser  and 
fluorescence  output  from  HjPC.  (a)  Q-switchcd  ruby 
laser  output  pulse,  (b)  Fluorescence  output  for  H2PC 
in  1-chloronaphthalene  exciting  with  pulse  as  shown 
in  (a)  •  (Both  drawings  are  traced  from  scope  photo¬ 
graphs)  . 
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Figure  HI-7.  Experimental  setup  for  triplet-triplet 
absorption  measurements. 


BLUE  FILTER 
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measurements  is  similar  to  those  shown  in  figure  III-3. 
The  Q-switched  ruby  laser  used  was  the  same  as  described 
before  except  that  a  resonant  ref lector ^  and  a  Brewster 
angle  roof  prism  were  used  as  front  and  back  reflectors. 
The  laser  was  Q-switched  using  a  cryptccyanine  saturable 
filter;  the  peak  power  was  approximately  20  MW  with  a 
spectral  bandwidth  of  no  greater  than  200  KHZ.  The  Q- 
switched  pulse  duration  was  varied  from  10  to  30  nsec. 
Solutions  were  contained  in  a  standard  1.0-cm  cell  with 
dye  concentrations  kept  below  10*"5  molar.  Fluorescence 
outputs  were  detected  at  right  angles  to  the  laser  beam 
with  an  IT  &  T  planophotodiode.  Outputs  were  displayed 
on  a  Tektronix  454  scope  with  a  3  nsec  risetime.  RG-10 
filters  were  used  to  eliminate  scattered  laser  light. 
Figure  III-6  shows  a  typical  fluorescence  output  for  H2FC 
in  1-chloronaphthalene,  showing  a  long  decay  in  the  sat¬ 
uration  region.  Similar  results  were  obtained  for  CAPC 
in  pyridine  with  a  slightly  longer  decay  time.  The  inter 
system  crossing  times  deduced  from  these  data  were 
(25  ±  3)  x  io"9  and  (28  t  3)  *  10’9  sec.  for  H  PC  in  1- 

Wm 

chloronaphthalene  and  CAPC  in  pyridine  respectively. 

The  experimental  setup  for  the  triplet-triplet  ab¬ 
sorption  measurements  is  shown  in  figure  II 1-7.  A  xenon 
flash  lamp  powered  by  a  Trion  laser  power  supply  was  used 
as  the  probe  light  for  the  absorptions  from  the  triplet 
states.  Blue  and  green  filters  were  used  to  cut  off  red 
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Figure  III-8 .  Scope  photographs?  showing  transient 
development  of  the  triplet-triplet  absorption, 

(a)  Xenon  flash  lamp  output.  Horizontal  scale: 

10  usuc/div,  (b)  Ruby  laser  output.  Horizontal 
scale:  100  neec/div,  (c)  Transient  development  of 
the  triplet-triplet  absorption  for  I!2PC  ^"Chloro- 
naphthalene.  Horizontal  scale:  50  nsec/div. 


42- 


and  UV  omissions  from  the  xenon  flash  lamp.  The  Q-switched 
ruby  laser  was  the  one  described  before  with  the  output 
beam  intersecting  the  probe  light  at  a  right  angle  inside 
the  1,0  cm  solutions  cell.  The  transmitted  probe  light 
was  detected  by  the  IT  4  T  F4034  photomultiplier,  through 
a  B  &  L  monochromator  with  a  bandpass  of  20  X,  set  at 
4850  R,  The  flash  lamp  output  duration  was  20  ysec,  and 

i 

and  electronic  time-delay  triggering  system  was  used  to 
synchronize  the  Q-awitched  output  with  the  flash  lamp 
output.  The  signals  were  displayed  on  the  Tektronix  454 
scope  which  was  triggered  by  the  Q-switeche  pulses.  Dye 
concentrations  of  -10  molar  were  used  to  give  a  maximum 
oignal-to-noise  ratio  in  the  photomultiplier  output. 

Figure  III-8  shows  the  time  development  of  the  trip- 
let-triplet  absorption  for  CAPC  in  pyridine.  Values  of 
t32  deduced  from  these  data  agree  with  the  results  ob¬ 
tained  from  the  fluorescence  output  measurements  for  both 
H2PC  and  C/iPC,  The  long  decay  of  the  triplet-triplet 

•7 

absorptions  (-5  *  10  see),  agree  with  the  measurement 
of  t21  by  Hercher  et  al,  using  different  equipment. 

Cryptocyanine  in  methanol  are  different  from  the 
phthalocyanine  molecules  in  that  most  of  the  ground  state 

mm  ^ 

population  returns  within  3  *  10  sec  after  being  ir¬ 
radiated  with  a  high  intensity  Q-switched  ruby  laser 
4 

pulse  .  This  suggests  that  cryptocyanine  in  methanol 
either  have  fast  decay  rates  for  t2^  and  t32  (less  than 


I 
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3  x.  10  sec) ,  or  slow  decay  rate*  (greater  than  the  Q- 
switched  pulse  duration,  >>  30  nsec) .  Evolution  of  the 
fluorescence  for  the  cryptocyanine  in  methanol  when  ex¬ 
cited  with  a  Q-switched  ruby  laser  pulse  show  that  the 
fluorescence  follows  the  Q-switched  pulse  to  within  the 
detecting  system  resolution  time.  This  result  rules  out 
the  possibility  of  a  long-lived  triplet  state  associated 

i 

with  cryptocyanine  in  methanol. 

III-6  Summary 

Table  I  contains  all  the  known  parameters  associated 
with  the  three  dyes  being  investigated;  these  values  will 
be  used  in  the  next  chapter  to  study  the  saturation 
mechanisms  of  these  three  molecules.  The  accuracy  in  the 
determination  of  t32  for  the  phthalocyanine  molecules  is 
only  of  order  of  magnitude  due  to  the  following  two 
assumptions;  (1)  a  rectangular  incident  pulse  is  used 
instead  of  an  actual  near-Gaussian  Q-switched  pulse,  and 
(2) ,  stimulated  emission  is  not  taken  into  account.  By 
inspection  of  equation  (III-7) ,  as  the  intensity  I  is 
greater  than  the  population  n^  and  n2  will  be  rela¬ 

tively  insensitive  to  email  variation  in  I;  thus  no  major 
error  will  be  introduced  by  the  first  assumption.  The 
second  assumption  concerns  the  stimulated  emission  from 
the  excited  state.  Since  the  excited  level  is  one  of  the 
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excited  subvibronic  levels  which  decays  rapidly  to  the 
seroth  vibronic  level,  stimulated  emission  should  not  be 
significant. 

Using  equation  (II— 8) ,  taking  t3,  t^,  t31  respec¬ 
tively  as  3  *  10“9,  25  *  10"9,  and  7.6  *  10~9  sec  for 
HjPC  in  1-chloronaphthalene,  one  deduces  a  non-radiative 
lifetime  of  7  x  10  sec.  The  fact  that  non-radiative 

decay  does  play  a  role  in  H^PC  is  not  surprising  when  one 

12 

considers  the  results  obtained  by  Eastwood,  in  which 
^fl  was  foun<*  to  136  ten  times  greater  than  at  300*  C 
(liquid),  and  one  hundred  times  greater  than  at  350*  C 
(vapor) . 
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CHAPTER  IV 


SATURATION  CHARACTERISTICS  OF  DYE  FOLECULES 


IV-1  Introduction 


In  this  chapter  v:e  study  the  saturation  of  molecular 
absorption  under  high  intensity  light  pulses.  Three 
different  mechanisms  leading  to  the  saturation  of  absorp¬ 
tion  will  be  investigated  theoretically.  Experimental 
results  obtained  from  the  three  dye  molecules;  CC,  H2FCf 
and  CAPC  will  be  compared  with  the  theoretical  expressions. 
Experimental  measurements  of  the  excited-state  absorption 
will  be  analyzed  to  determine  the  cause  of  residual  losses. 

IV-2  Theoretical  Treatment  of  the  Interaction 


Consider  the  molecules  being  irradiated  with  a  mono¬ 
chromatic  light  pulse  of  duration  i-om  10  to  30  nsec. 

The  response  of  these  molecules  can  be  described  by  a 
set  of  differential  equations  giving  the  rates  of  change 
of  each  level  involved  in  the  interaction.  Using  the 
modified  Jablonski  diagram  for  the  energy  scheme  of  all 
the  molecules  as  in  figure  II-2,  we  have 
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dn^/dt  * 

-I(t)o13, 

<V  n3>) 

+  VT21+  VT31+  "5/T51 

dn2/dt  * 

VT32  * 

VT21  ' 

+  n4//'r42 

dn3  ,/dt  -  I  (t)  0 

»  n3 , 

>  *  n3-/Tv 

(IV-1) 

dn^/dt  ■ 

V/Tv  • 

n3/T3  '  1 

(t!  035n3  +  VTS3 

dn./dt  ■ 
4 

*  n4/T4 

dng/dt  ■ 

I(t)o35n3 

-  n5/T5 

where  are  the  normalized  populations  of  each  i  level. 
We  have  assumed  that  the  dye  sample  is  optically  thin, 
and  that  the  time  variation  in  intensity  is  negligible 
during  the  transit  time  for  light  through  the  dye  sample. 
This  is  equivalent  to  the  approximation  that  each  molecule 
experiences  the  same  intensity  at  a  given  instant  of  time. 
This  assumption  is  approximately  true  for  a  dilute  system. 

The  use  of  rate  equations  for  the  description  of  the 
interaction  of  light  with  molecules  is  valid  only  under 
specific  conditions.  Tang^-  has  shown  that  the  semi- 
classical  approach  with  a  density  matrix  formalism  for  a 
two-level  system  reduces  to  simple  rate  equations  if 
T  >>  T9 ,  where  T  is  the  relaxation  time  for  the  excited 
level,  and  T2  is  the  transverse  relaxation  for  the  excited 
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2 

level  ,  which  is  inversely  proportional  to  the  halfwidth 

of  the  homogeneous  absorption  profile.  In  liquids ,  dye 

molecules  experience  high  collision  rates  with  the  solvent 

molecules  at  room  temperature, giving  T  ~  (collision  rate) 

2 

—12 

-10  sec.  The  excited  state  lifetime  for  large  organic 

—  9 

molecules  is  of  the  order  of  10  sec,  thus  giving  a  ratio 
of  Tj/T^  -  10“3.  Thus  the  application  of  rate  equations 
to  a  two~levcl  model  is  justified  in  this  case,  general¬ 
izing  to  a  system  of  multi-levels  is  also  reasonable 
valid. 

Due  to  the  vibronic  overlapping  for  higher  excited 
states,  the  relaxations  and  are  of  the  same  order 
as  Ty,  which  is  extremely  fast,  The  above  equations  can 
therefore  be  simplified  to  give  only  three  equations  de¬ 
scribing  the  three  levels  which  are  of  major  importance 
in  the  interaction, 

di^/at  =  -I(t)°13n1  +  n3/T31  +  n2/T21 

dn3/dt  -  KtJOjjiij  -  n3/T3  (IV-2) 

dn2/dt  -  n3/x32  -  n2/i21 

Generally,  three  different  types  of  saturation  regime 
can  be  applied  to  all  molecules  with  different  rate  con¬ 
stants,  The  classification  of  the  three  regimes  is 
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(1)  steady  state  saturation?  excited  molecules  having  re¬ 
laxation  times  faster  than  the  duration  of  a  normal  Q- 
switch  pulse  fall  into  this  category.  (2)  Energy  satura¬ 
tion;  excited  molecules  with  a  fast  decay  to  a  long-lived 
metastable  state  (the  triplet  state  in  our  case)  which 
will  accommodate  all  the  excited  electrons  into  that  level 

with  a  complete  depletion  of  ground  state  population. 

* 

(3)  Transient  saturation;  excited  molecules  with  relaxa¬ 
tion  times  comparable  to  the  duration  of  the  Q-switch 
pulse. 

( 1 )  Steady  state  saturation 

If  all  the  relaxation  times  are  short  compared  to  the 
temporal  structure  of  the  incident  light  pulse,  then  at 
each  instant  of  time  the  system  will  be  very  nearly  in  a 
steady-state.  Thus,  for  an  optically  thin  sample,  the 
population  densities  can  be  expressed  as  functions  of  the 
instantaneous  photon  irradiance: 


n1  -  1/(1  +  I/Is) 


n2  *  I013I3/<1  +  I/Ia> 


(IV-3) 


n3  ’  I013T3<T21/,32)/tl  +  I/I.> 


Figure  IV-1.  Steady-state  saturation.  Curves  showing 
the  steady-state  transmission  of  an  optically  thick 
saturable  absorber  as  a  function  of  irradiance  (nor¬ 
malized  to  the  saturation  irradiance  I  ) .  Excited- 

s 

state  absorption  is  included  as  I  b  *  0.143. 

8 


STEADY-STATE  SATURATION 
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•1  * 

Where  I  -  [o,.t  (1  +  is  the  saturation  ir- 

s  13  3  *1  32 

radiance;  it  is  the  photon  irradiance  for  which  the  steady 
state  absorption  coefficient  is  reduced  by  a  factor  of 

3 

two  over  the  small-signal  absorption  coefficient  . 

The  transmission  characteristics  of  an  optically 
thick  sample  can  be  derived  starting  with 

dl/dx  -  -  la  (n.  +  +  Bn,)  '  (IV-4) 

o  1  2  3 


where  y  ■  a24/al3*  and  ®  *  °35^°13*  T1‘e  excited  singlet 
and  the  triplet  absorptions  are  taken  into  account  by 
assuming  that  the  higher  excited  levels  are  not  appreciably 
populated.  Substituting  the  steady-state  values  of  n^ 
and  integrating,  we  obtain  finally 


1/(1  b)-l 

[(1  +  blT)/  (1  +  bT>)  s 


(IV-5) 


Where  T 


-o  x 

e  °  ,  t  ■  I 


transmitted^1 incident  '  and 


b  «  o13t3BI1  +  (y/B)  (t21/t32) ] .  Figure  IV-1  shows  the 

steady-state  transmission  characteristics.  It  is  to  be 

noted  that  the  excited-state  absorption  contribution  to 

the  residual  loss  gives  a  laroe  signal  transmission  of 
I  b 

T  ,  *  T  1  . 

I  large  o 


(2)  Energy  saturation 

The  metastable  state  involved  in  this  case  is  the 
long-lived  triplet  level.  With  all  other  relaxations 
fast  compared  with  the  Q-switchcd  pulse  duration,  we  have 
for  the  three-level  system  I/t^  *  an<3  (IV-2)  becomes: 

dnx/dt  -  "Ia13n1  +  1/t31 

dn2/dt  “  n3/x32  (IV-6) 

dn3/dt  ■  l013n1  “  n3/T3i 


For  a  fast  n3  will  also  be  small,  one  can  write 
ni  +  n2  ^  1.  Solving  (IV-6)  for  this  case,  we  have 
n3  ^  Iai3T3ni*  Substituting  into  (IV-6) ,  we  have 


dnj/dt  -  "l013<1  "  Tj/T3i,ni 


l013{1  "  *fl.,nl 


(IV-7) 


Es  "  l°13(1  '  W1 


6 

-1 


t  -E/E 

Integrating,  for  E  *  Jdtl(t),  we  have  n^  ■  e  s/  where 

,  and  ■  T3/T32«  Similarly  we 

have  n^  1  -  n^.  So  that  the  change  of  the  ground  state 

population  depends  on  the  integrated  energy  input  (or 


number  of  photons/cin  ) 


The  transmission  characteristics  of  an  optically 
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thick  sample  can  be  derived  by  separating  the  contribu¬ 
tions  into  three  parts:  (a)  Ground  state  absorption:  The 
number  of  photons  absorbed  is  proportional  to  the  number 
of  molecules  excited  into  the  triplet, 


dE/dx  -  -  N  [n.  (0)  -  n.  (E)]/(l  -  A  ) 
o  l  x  fl. 


—E/E 

-  N  (1  -  e  s)/(l  -  ♦  '  ) 
o  fl. 


(IV-8) 


(b)  Triplet  rtate  absorption:  We  have 


dl/dx  -  -  Io  yn  N  (IV-9) 

13  2  o 

The  time  dependence  of  r>2  is  neglected,  i.c.,  we  assume 
n2  to  be  a  slowly  varying  function  of  time,  which  is 
true  for  t21  long  and  t32  short.  Integrating  equation 
(IV-9)  ,  we  have 

-E/E 

dE/dx  -  -°13YN0E(1  -  e  *)  (IV-10) 


(c)  Singlet  excited  state  absorption 

Due  to  the  short  lifetime  of  n^  state,  it  will  not 
be  appreciably  populf  *  ed  even  for  high  incident  intensity 
The  n^  state  in  this  treatment  acts  as  an  intermediate 
level  from  which  excited  molecules  are  continuously  trans 
ferred  to  the  triplet  state  and  has  little  contribution 
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to  the  excited  state  absorption  even  when  we  allow  for  a 
large  absorption  cross-section. 

Combining  the  various  contributions,  we  have 

-E/E.  -E/E 

dE/dx  =  Nq(1  -  e  s)/(l  -  *fu)  -ya13N0E(l  -  e  B) 


or 


—E/E 

-N  dx  -  diy  [  ( 1  -  e  s)  (E  +  E)  ] 
o  s 


-N  a.-X 

with  Tq  ■  e  0  ,  we  have 


In  T 


EOUt/ES 


dy/(l  -  e‘y) (1  +  yy)  (IV-11) 


E./E 
in  s 


The  above  expression  cannot  be  integrated  analytically 
and  numerical  solutions  are  required.  However,  extreme 
behaviors  can  be  obtained  for  small  and  large  value  of  E. 


(i)  E/E  «  1,  then  yE  <<  1 
s 


In  T 

o 


y 

out  _v 

dy/(l  -  e  y) 


Figure  IV-2,  Energy  saturation.  Curves  showing 
energy  transmission  as  a  function  of  the  integrated 
incident  energy  E  (normalized  to  the  saturation  energy 
E  ) ,  Excited-state  absorption  cross-section  is  one- 

o 

fifth  that  of  the  saturable  transition,  y  *  0.2, 
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E/E 
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1  -  eTE/E; 

1  -  .**u 


(IV-12) 


Which  is  the  same  as  in  the  case  of  no  excited-state  ab¬ 
sorption. 


(ii)  E/E  >>  1,  we  have  1  -  e*^  1,  then 

9 


,  out  dv 

InT  -  -JSL — 

o  1  ♦  Yy 

Vin 


T  -  1  +  TE/£« 
°  1  +  YE/E 


(IV-13) 


Where,  as  E  «*•  »,-T  «*  T^,  Numerical  solutions  for  equa¬ 
tion  (IV- II)  are  shown  in  figure  IV-2  for  the  case  of 
Y  ■  0.2. 


(3)  Transient  saturation 

In  this  case,  the  molecules  relax  in  a  time  of  the 
same  order  as  the  duration  of  the  Q-switch  pulse.  Exact 
solution  for  the  three  rate  equations  for  constant  I  are 


+X  t 


»x«i  * 


X2ai  *  V 


'’iiV'1 


♦  -.  «* 
*1*2 
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Io(X1+1/t21)  +Xxt  I0(X2+1/t21)  X2t  Jo 
^  ^1^1  **  ^2^  x2  "  ^2^  t21^1^2 

where  X^^  =  -  j  {  (Io  +  1/t3  +  1/t21) 

+  /Ido  +  1/t3  -  1/t21)2  -  4Io/t321) 

X2  “  "  2  UI°  +  1/T3  +  1/t21) 

-  /((Io  +  l/t3  -  l/t21)2  -  4I°/t32] 

and 

U,  -  U  +  Iot  (1  +  hk)/{x  X)  (IV-14) 

12  3  T32  21  3 

In  treating  the  transmission  properties  of  a  sample  of 
molecules  for  time  varying  I(t),  computer  solutions  were 
needed  to  describe  the  interaction. 


IV-3  Experimental  Apparatus 


A  single  mode  Q-switqhed  ruby  laser  was  used  to 
measure  the  transmissions  of  the  dye  molecules.  The  ruby 
rod  was  3  inches  long  with  anti-reflectivity  coatings  at 
both  ends,  pumped  with  a  linear  flash  lamp  in  an  ellip¬ 
tical  cavity.  Both  the  flash  lamp  and  the  ruby  rod  were 
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Figure  IV-3.  Experimental  setup  for  transmission 


measurement. 
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water  cooled  to  20 *C.  A  65%  reflectivity  resonant  re¬ 
flector  was  used  as  output  mirror,  while  a  Brewster  angle 
roof  prism  was  used  at  the  back  end  instead  of  991  re¬ 
flectivity  dielectric  mirror  to  avoid  the  frequent  damage 
caused  by  the  high  flux  density  in  the  cavity*  The  laser 
was  Q-switched  by  either  CAPC  in  pyridine  or  cryptocyanine 
in  methanol  depending  on  the  power  level  required*  In- 

i 

sortion  of  an  aperture  of  diameter  from  1  mm  to  3  mm  gave 

stable  output  pulses,  reproducible  tc  101  with  pulse 

duration  in  the  range  10  to  30  nsec*  Power  outputs  were 

2 

between  10  and  20  MV7/cm  depending  on  the  size  of  the 

aperture  used.  For  high  power  measurements,  the  pulse 

outputs  were  focused  down  to  a  small  cross-sectional  area 

2 

with  a  maximum  obtainable  irradiance  of  200  MW/cm  . 

The  setup  for  the  transmission  measurements  is  shown 
in  figure  IV-3.  The  outputs  from  the  Q-switched  laser 
were  used  to  irradiate  the  dye  sample  cell  after  being 
attenuated  by  the  calibrated  filters  made  from  solutions 
of  CuSOj*  The  transmitted  outputs  were  detected  with  an 
IT  i  T  piano-photodiode,  and  displayed  on  a  Tektronix 
519  scope  with  an  overall  rise  time  less  than  2  nsec. 

Part  of  the  output  from  the  laser  was  detected  by  an  RCA 
925  photodiode,  whose  output  was  used  to  externally 
trigger  the  scope,  and  which  served  as  a  time  reference 
in  the  detecting  system*  Transmission  data  were  obtained 
by  comparing  the  transmitted  outputs  for  the  cell 


Figure  IV-4,  Satruation  of  absorption  for  CC.  Ex¬ 
perimental  data  of  peak  intensity  transmission  T 
versus  incident  peak  intensity  I  for  CC  in  methanol. 

Theoretical  curves  from  equation  (IV-5)  with  I  *2.2 

8 

2 

MW/cm  ,  and  I^b  *  0,143  are  drawn  for  comparison. 
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con  taining  the  dye  molecules  to  the  same  cell  containing 
the  solvent  alone.  Different  incident  levels  could  be 
obtained  by  adjustment  of  the  number  of  filters  in  the 
train.  The  dye  solution  weas  contained  in  a  commercial 
Kodak  Q-switch  cell  with  AR-coated  windows,  and  thickness 
1.6  mm.’  Dye  solution  was  prepared  by  dissolving  the  dyes 

in  powder  form  into  different  solvents.  Specially  puri- 

* 

fled  solvents  were  not  used. 

IV-4  Saturation  of  the  Cryptocyanine  Molecules 

(1)  Saturation  of  absorption 

Cryptccyanine,  with  its  short  relaxation  times  as 
discussed  in  the  last  chapter,  falls  within  the  steady- 
state  saturation  category.  Experimental  results  for  peak 
intensity  transmission  versus  peak  intensity  for  crypto¬ 
cyanine  in  methanol  is  shown  in  figure  IV-4,  together 
with  the  theoretical  curves  from  equation  (IV-5)  for 

I#b  ■  1/7  and  Ig  ■  2.2  MM/ cm2,  giving 

-25  2 

T3°13^  +  T21^T32^  *  1,3  x  10  0,1  -sec. 

(2)  Saturation  of  fluorescence 

Measurements  on  the  peak  fluorescence  outputs  versus 
peak  input  intensity  were  also  done  for  cryptocyanine  in 
methanol  with  the  same  Q-switched  laser  output.  The 
fluorescence  outputs  were  observed  at  right  angles  to  the 


Figure  IV-5.  Saturation  of  fluorescence  for  CC. 
Experimental  data  on  CC  in  methanol  showing  peak 
fluorescence  intensity  versus  incident  peak  intensity. 
The  vertical  scale  is  relative.  Theoretical  curve  for 
the  steady-state  value  of  n3  (equation  IV-3)  is  drawn 
for  comparison.  The  best  fitted  curve  is  with 
Ig  -  2.6  MW/cm2, 
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laser  beam  through  a  B  &  L  monochromator  with  20  band¬ 
pass  by  an  IT  &  T  F-4034  photomultiplier.  The  monochro¬ 
mator  was  set  at  7300  8  which  is  at  thfj  peak  of  the 
fluorescence  curve  for  cryptocyanine.  Solutions  were 
contained  in  a  2  mm  diameter,  2  cm  length  glass  tube  with 
concentrations  kept  below  10“^  molar  to  avoid  large  varia¬ 
tions  of  pulse  intensity  across  the  cell  length  due  to 

* 

residual  losses. 

Figure  IV-5  shows  the  results  of  such  a  measurement, 
which  is  compared  with  the  theoretical  curve  from  equa¬ 
tion  (IV-3)  describing  the  steady  state  behavior  of  n3 
population.  Since  only  relative  fluoresence  outputs  were 


measured,  an  arbitrary  scaling  is  used  for  the  magnitude 

of  fluorescence  output.  Ono  deduces  from  these  data  that 

■■25  2 

T3°13^  +  T21//t32^  "  1*1  *  10"  cm  -sec.,  which  nicely 
confirms  the  figure  deduced  from  transmission  measurements. 


(3)  Evaluation  of  the  various  parameters 

The  results  on  the  saturation  of  absorption  and 

fluorescence  for  cryptocyanine  agree  to  within  an  error 

of  20%.  Due  to  the  large  scattering  of  data  points,  this 

is  satisfactory.  The  results  obtained  for  Ig  agree  in 

general  with  similar  measurements  done  by  Giuliano  and 
4  5 

Hess  ,  and  Cire  ,  to  within  a  factor  of  2, 

Taking  the  value  of  a  *  5  x  10",L  env  deduced  from 
the  absorption  curve,  assuming  that  cryptocyanine  is 
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homogeneously  broadened ,  and  ■  2,2  »  10  *  sec,  we 
have  1  +  t2]/t32  “  implying  t32  >  t21*  We  thus  see 
that  the  saturation  of  cryptocyanine  can  also  be  described 
by  a  simple  two-level  model,  a3  the  contribution  to  the 
saturation  from  the  triplet  state  is  relatively  small. 
Excited ’state  absorption  deduced  from  the  above  analysis 
gives  6  ■  0,14,  an  excited  singlet-singlet  absorption 
cro3B-section  of  -7  *  10"17  cm2  at  6943  £. 

The  experimental  results  on  the  saturation  of  crypto¬ 
cyanine  molecules  agree  with  a  steady-state  model.  The 
triplet  state  of  cryptocyanine  is  found  to  have  little 
effect  on  the  saturation  of  absorption  and  residual 
losses,  and  is  apparently  only  slightly  populated. 

The  absorption  band  of  cryptocyanine  is  inhomogen- 
eously  broadened.  The  width  of  the  spectral  hole  being 
burnt  into  the  absorption  band  by  a  Q-switched  ruby  laser 
output  was  found  to  be  i  20  £  by  Sooy  and  Spaeth6,  in¬ 
dicating  that  only  a  small  fraction  of  the  molecules 
absorbs  light  at  6943  X.  Since  room  temperature  solutions 

7 

of  the  cyanine  dyes  have  been  shown  to  consist  of  equi¬ 
librium  mixtures  of  two  or  more  isomers  with  strongly 
overlapping  absorption  bands  that  can  be  resolved  only  at 
very  low  temperature,  spectral  hole-burning  may  occur  by 
saturating  one  or  a  few  of  the  isomers  in  the  solutions. 
Detailed  information  concerning  the  isomer  states  of 
cryptocyanine  are  still  unknown  at  present.  However,  a 


Figure  IV-6.  Saturation  of  absorption  for  H^PC  with 
different  laner  pulse  width.  Experimental  data  on 
H2PC  in  1-chloronaphthalene  shov/ing  peak  intensity 
transmission  T  versus  incident  peak  intensity  I  for 
pulse  width,  10,  20  and  30  nsec.  Theoretical  curve 
from  equation'  (IV-5)  with  I^b  -  0.13,  -  0.12  MW/cm 

is  drawn  for  comparison. 
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steady-state  model  docs  give  a  good  description  for  the 
saturation  of  cryptocyanine  with  Q-switched  ruby  laser 
pulses. 


IV-5  Saturation  of  H.PC 

(1)  Saturation  of  absorption 

Il^FC  with  its  long  triplet  lifetime  can  be  classi¬ 
fied  into  either  the  energy-saturation  or  transient- 
saturation  category.  An  experiment  was  carried  out  to 
investigate  saturation  of  the  molecular  absorption  under 
different  duration  of  the  laser  pulses.  A  Q-switched 
cell  of  H2PC  in  1-chloronaphthalene  with  small  signal 
transmission  of  0.1  at  6943  R  was  irradiated  with  Q- 
switched  ruby  laser  pulses  of  duration  (FWIIM)  10,  20  and 
30  nsec.  The  results  are  shown  in  figure  IV-6.  Since 
peak  intensity  transmission  of  the  molecules  show  a  simi¬ 
lar  characteristic  dependence  on  the  input  intensity 
irrespective  of  the  input  pulse  duration,  one  can  con¬ 
clude  immediately  that  »2PC  is  not  energy  saturated.  A 
theoretical  curve  from  equation  (XV-5)  for  steady  state 
saturation  with  I#b  -  0.13  is  drawn  for  comparison.  It 
is  interesting  to  note  that  even  though  H2PC  has  a  very 
long  triplet-state  lifetime,  one  can  still  describe  the 
saturation  under  steady  state  basis. 

To  see  why  steady  state  approximation  can  be  applied 


Figure  IV-7 ,  Saturation  of  absorption  for  HjPC. 
Experimental  data  on  K2PC  in  1-chloronaphthalene 
shov;ing  peak  intensity  transmission  T  versus  incident 
peak  intensity  I  for  three  samples  with  different 
initial  transmissions.  The  laser  pulse  duration  was 
10  nsec.  Theoretical  curves  from  equation  (IV-5)  with 
B  ■  0.13,  I  ■  (or,)"1  ■  0,12  MW/cm2  «re  drawn  for 
comparison. 
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to  IljPC  molecules,  we  refer  to.  equation  ( III— 7 )  describ¬ 
ing  the  time  developments  of  each  level  under  a  constant 
irradiance  I.  Two  characteristic  time  constants, 
are  associated  with  each  level,  and  for  >  v3,  ve  have 
%  -(Xo  +  l/Tj),  X2  *  -  1/Tj2  (X  ♦  l/IOTj)"^.  Taking  the 
case  for  H2PC  with  t3  *  3  *  10“9  sec,  t^2  *  25  *  10~9  sec, 
then,  1/Aj^  $  3  *  10*9  sec,  1A  2  S  25  *  10~9  sec  will  also 
hold.  For  an  incident  pulse  duration  from  10  to  20  nsec, 

populations  n^  and  n3  will  reach  quasi-steady-state  values 

-9 

in  time  1/A^  <  3  *  10  sec,  which  is  short  compared  to 
the  input  pulse  duration.  The  relatively  long  time  con¬ 
stant  X2  describes  the  rate  at  which  population  of  n^  is 
converted  into  the  triplet  level  n2,  and  will  have  neg¬ 
ligible  effect  on  the  saturation  of  the  ground  state  ab¬ 
sorption.  The  quasi-steady-state  populations  n1  and  n^, 
assuming  t32  to  be  long,  will  have  identical  expressions 
as  steady-state  case,  equaticn  (XV-3),  except  that  the 
saturation  irradiance  will  now  be  given  by  ls  ■  (ot^)  . 

Experimental  results  for  peak  intensity  transmission 
versus  peak  intensity  for  H2PC  in  1-chloronaphthalene 
with  th/ee  different  small-signal  transmissions  are  shov.r. 
in  figure  XV-7,  together  with  the  theoretical  curves 

from  equation  (XV-5)  with  3  *  0,13  for  comparison.  One 

2  23 

obtains  m  Mot.)  ■  0.12  MW/cn  ■  4.2  *  10  photons/ 

2 

cm  -sec. 


Figure  IV-8,  Saturation  of  fluorescence  for  H2PC, 
Experimental  data  on  II^PC  in  1-chloronaphthalene 
showing  peak  fluorescence  intensity  versus  incident 
peak  intensity.  The  vertical  scale  is  relative. 
Theoretical  curve  for  the  steady-state  value  of  n3 
(equation  (IV-3)  is  drawn  for  comparison.  The  best 
fitted  curve  is  with  1^  »  0,15  MW/cm2, 
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(2)  Saturation  of  fluorescence 

Measurements  on  the  peak  fluorescence  output  versus 
peak  input  intensity  were  done  for  H^PC  in  1-chloronaphtha- 
lene.  The  fluorescence  was  observed  at  7100  X  which  is 
near  the  peak  of  the  fluorescence  band.  Figure  IV-8  shows 
the  experimental  results  together  with  a  theoretical 

curve  from  equation  (IV-3) ,  One  deduces  from  these  data 

2  23  2 

that  I  *0.15  MW/ cm  ■  5,1  *  10  photon s/cm  -sec, 
s 

(3)  Evaluation  of  the  various  parameters 

The  values  of  saturation  irradiance  I  deduced  from 

s 

the  above  absorption  and  fluorescence  measurements  agree 

-9 

to  within  an  error  of  20%.  Taking  t  ■  3  *  10  sec, 

23  2  —16 
I.  *  4.5  *  10  photons/cm  -sec,  we  have  a  E  7,3  *  10 

s 

2 

cm.  The  ground  state  absorption  cross-section  for  H2PC 

O 

has  been  measured  and  different  values  obtained;  Kuhn° 

estimated  4.3  *  10“16  cm2,  Giro5  used  a  value  of  2  k  10"16 
2  9 

cm  ,  Kosonorky  measured  the  absorption  cross-section  to 
•1 6  2 

be  5  *  10  cm  ,  The  larger  value  is  more  accurate, 
as  pointed  out  by  Harrison*^,  due  to  undissolved  colloidal 
particles  suspended  in  the  solution. 

Based  on  a  model  with  two  absorptive  transitions, 
the  residual  loss  of  B  ■  0,13  for  H^PC  will  give  an  ex¬ 
cited  state  absorption  cross-section  at  6943  &  of 

-17  o 

0.13  *  °gr0und  %  9  *  1°  air •  The  triplet-triplet  ab¬ 
sorption  cross-section  at  6943  8  for  I^PC  was  measured  by 


Figure  IV-9.  Analog  computer  results  on  pulse  shaping 
for  H2PC.  The  excited-state  lifetimes  of  HjPC  are 
taken  from  Table  I.  The  sample  is  assumed  to  have 
Tq  =  0.1,  0  =  0.13.  A  relative  delay  of  the  peak  of 
the  transmitted  pulse  at  -0.5  MW/cm2  is  clearly  ob¬ 
servable. 
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Figure  IV-10.  Experimental  results  on  pulse  shaping 
for  HjPC.  Data  obtained  from  the  experimental  so tup 
shown  in  Fig,  IV-3,  In  each  case  pulse  shapes  obtained 
with  and  without  the  saturable  filter  arc  shown  super¬ 
imposed  to  facilitate  comparison.  Peak  intensity 
(a)  10  MW/cm2,  (b)  0.8  MW/ cm2,  (c)  o,2  Mv:/cm2, 
Horizontal  scales  10  nsec/div. 


(a)  1*10  MW/cm* 


(b)  I » 0.8 MW/cm* 


(c)  1*0.2  MW/em* 
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Stockman11 ,  to  be  'v*  7,1  *  10*1®  cm2,  which  is  of  an  order 
of  magnitude  too  small  to  account  for  the  residual  losses 
observed.  We  attribute  the  residual  losses  to  be  due  to 
higher  singlet-singlet  absorption,  and  will  discuss  this 
point  further  in  section  7. 

Equation  (IV-2)  for  a  three-level  system  was  simu¬ 
lated  on  an  analog  computer  with  an  incident  pulse  of 

2  2 

Gaussian  profile  I(t)  ■  e"*  .  Values  of  different 

life  times  were  taken  from  Table  I  for  H2PC.  In  treat¬ 
ing  the  transmission  of  the  dye  molecules,  the  dye  cell 
is  assumed  to  be  optically  thin,  such  that  each  molecule 
in  the  beam  experiences  the  same  pumping  rate  at  a  given 
instant  of  time.  The  instantaneous  transmission  is  de¬ 
fined  as  T(t)  »  e"°<t)Xo,  vhere  x  is  the  cell  length, 

o 

and  o(t)  «  a  {n, (t)  +  0n,(t)  +  yn, (t) ]  is  the  instantan- 

eous  absorption  coefficient.  Figure  IV-9  shows  the  pulse 

shaping  results  obtained  with  T  •  0.1,  3  -  0.13.  A 

o 

relative  delay  of  the  peak  of  the  transmitted  pulse  at 
2 

M).5  MW/cm  is  clearly  observable.  Experimental  results 
confirming  this  pulse  shaping  behavior  are  shown  in 
figure  IV-10  for  H^PC  in  1-chloronaphthalene  with 
TQ  *  0,15.  The  distortion  of  the  transmitted  pulse 
arises  from  initial  absorption  of  the  leading  edge  in 
saturating  the  molecular  transitions,  and  is  common  to 
all  molecules  with  excited-state  lifetimes  comparable  to 
the  incident  pulse  duration.  Computer  results  on  the 


Figure  IV-11.  Saturation  of  absorption  for  CAPC  for 
different  laser  pulse  width.  Experimental  data  showing 
peak  intensity  transmission  versus  incident  peak  in¬ 
tensity  for  laser  pulses  of  durations  10 ,  and  25  nsec. 
Solid  lines  are  analog  computer  results  obtained  with 
the  corresponding  pulse  width,  with  lifetimes  appro¬ 
priate  to  CAPC,  and  B  »  0.22.  Broken  line  is  the 

steady-state  transmission  result  with  B  ■  0.22,  and 
_8 

t3  *  10  sec. 
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peak  intensity  transmission  characteristics  for  the  range 
of  typical  C~*vitched  pulse  durations  confirm  the  approx¬ 
imation  of  steady-state  saturation. 

IV-6  Saturation  of  CAPC 

(1)  Saturation  of  absorption 

CAPC  with  an  excited  singlet-state  lifetime  of  10 
nsec  should  bu  classified  into  the  transient  saturation 
category^  Measurements  on  the  peak  intensity  transmission 
versus  peak  intensity  for  laser  pulses  of  duration  10 
and  25  nsec  are  shown  in  figure  1V-11.  Analog  computer 
results,  with  lifetimes  appropriate  to  CAPC,  and  a  higher 
singlet  absorption  cross-section  ratio  of  5  ■  0.22  for 
peak  intensity  transmission  are  drawn  for  comparison. 

The  fact  that  shorter  pulse  duration  requires  a  higher 
intensity-level  for  initially  saturating  the  absorption 
is  confirmed  by  the  computer  results.  To  see  how  the 
steady  state  approximation  will  deviate  from  the  trans¬ 
ient  case,  a  broken  line  showing  the  quasi-steady  state 

8  -l  _  O 

transmission  for  la  *  10  sec  ,  t3  ■  10  sec  is  drawn 

on  the  same  figure.  One  sees  that  as  the  pulse  duration 

increases,  the  peak  intensity  transmission  curve  approaches 

that  of  the  quasi-steady-statc  case.  This  behavior  is 

consistent  with  the  analytical  results  obtained  by 
13 

Selden  for  a  two-level  absorptive  system.  The  slight 


Figure  IV-12.  Saturation  of  absorption  for  CAPC. 
Experimental  data  shoving  peak  intensity  transmission 
versus  incident  peak  intensity  for  CAPC  in  pyridine 
for  laser  pulse  width  of  10  nsec*  Analog  computer 
results  with  6  -  0.22  are  also  shown  for  comparison. 
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Figure  IV-13,  Saturation  of  f luorercance  for  CAPC. 
Experimental  data  showing  fluorescence  peek  intensity 
versus  incident  peak  intensity  for  CAPC  in  pyridine. 
Analog  computer  results  for  the  peak  value  of  n^ft) 
are  also  shown  for  comparison. 
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decrease  in  residual  loss  for  longer  pulse  duration  arises 
from  the  depopulation  of  the  excited  singlet  state  into 
the  triplet  level.  For  the  case  in  which  the  pulse  dura¬ 
tion  is  much  shorter  than  the  excited  singlet-3tate  life¬ 
time,  the  saturation  of  absorption  may  be  described  by 
energy  saturation.  The  peak  intensity  level  required  in 
this  case  for  initially  saturating  the  absorption  will  be, 
according  to  equation  IV-11,  I  'u  1/Atc,  where  At  will  be 
approximately  the  pulse  width.  Figure  IV-12  shows  trans¬ 
mission  curves  for  CATC  in  pyridine  with  two  different 
initial  transmissions,  using  laser  pulses  of  10  nsec 
duration.  Analog  computer  results  with  6  =  0.22  are 
drawn  for  comparison.  One  deduces  from  this  figure  that 

Ic  «  108sec-1  for  I  =  0,17  MV?/ cm 2 ,  giving  a  *  1.7  x  10“*6 
2 

cm  . 

(2)  Saturation  of  fluorescence 

Measurements  on  the  peak  fluorescence  output  versus 
peak  intensity  at  7100  X  are  chovm  in  figure  IV-13.  The 
laser  pulse  duration  in  this  case  was  25  nsec.  Analog 
computer  results  for  the  peak  value  of  n3  with  a  pulse 

duration  of  25  nsec  are  shown  for  comparison.  One  ob- 

8  —1  2 
tains  ic  ■  10  3ec  for  I  «  0,2  MW/ cm  ,  giving 

a  -  1.5  x  io"16cm2. 
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(3)  Evaluation  of  the  various  parameters 

The  ground  state  absorption  cross-sections  at  6943  R 

deduced  from  the  above  two  measurements  agree  to  within 

an  error  of  20% •  Conventional  measurement  of  absorption 

cross-section  at  6943  R  with  a  known  concentration  of 

-16  2 

molecules  gives  a  1.5  *  10  cm  ,  in  good  agreement 

with  the  saturation  measurements.  The  excited  singlet 

state  absorption  cross-section  at  6943  R  obtained  from 

the  transmission  curves  is  found  to  be  0.22  *  °CTround 
-17  2 

^  3.3  x  io  cm  .  Triplet-triplet  absorption  has  been 
neglected  due  to  the  small  absorption  cross-scction  at 
6943  R.11 


The  locations  of  the  peak  of  the  absorption  band  for 

CAPC  in  different  solvents  vary  considerably,  consequently 

the  absorption  cross-section  at  6943  R  will  vary  from 

solvent  to  solvent.  Experimental  findings  indicate  that 

for  CAPC  in  1-chloronaphthalene  and  quinoline,  where  the 

o 

cross-section  at  6943  A  are  significantly  larger  than 
•16  2 

1.5  x  io  cm  ,  the  intensity  levels  for  initially  sat¬ 
urating  the  absorption,  and  the  residual  losses  are  con¬ 
sequently  smaller.  For  CAPC  in  ethyl  alcohol,  with 
■*16  2 

o  <  1.5  x  io  cm  an  increase  of  residual  loss  and  in¬ 
tensity  level  for  saturation  are  observed. 

Transient  pulse  distortion  for  CAPC  was  also  observed, 
with  results  similar  to  those  shown  in  figure  IV-10. 

This  pulse  distortion  behavior  is  also  confirmed  by 
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computer  results. 

IV-7  Contribution  from  Higher  Hxcited-state  Ab corn t ion r» 
to  the  Saturation  of  Organic  Molecules 

(1)  Residual  losses 

For  all  three  of  the  molecules  being  considered, 

i 

residual  losses  of  craer  0,2  (i.e.  peak  transmission 
-0.8)  were  observed  at  high  intensity  level,  showing  that 
the  absorbers  are  not  completely  transparent.  Tn  par¬ 
ticular,  an  increase  in  the  transmission  of  CAPC  in 
1-chloronaphthalene  to  some  maximum  value  with  a  subse¬ 
quent  decrease  at  still  higher  intensity  levels  has  been 
observed  ,  Several  possibilities  which  lead  to  residual 
loss  at  high  intensity  will  be  considered  here. 

(a)  Scattering*  Scattering  at  6943  8  of  the  laser 
pulse  was  found  to  be  an  order  of  10  smaller  than  that 
necessary  to  account  for  the  residual  losses  observed. 
Stimulated  scattering, either  Brillouin  scattering  or 
Raman  scattering,  will  show  different  spectral  components 
in  the  scattered  light.  Measurements  on  forward  and 
backward  scattering  by  the  dye  solutions  show  no  detect¬ 
able  different  spectral  components  besides  the  laser  line, 
indicating  that  stimulated  scattering  cannot  be  the  cause 
for  residual  losses. 
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(b)  Triplet-triplet  absorption:  For  the  phthalo- 
cyanine  molecules,  triplet-triplet  absorption  cross- 

sections  have  been  measured  by  Stockman11,  and  Villar 

12  -ip  2 

and  Lindquist  ,  with  an  upper  limit  of  7  *  10  cm  . 

Assuming  that  the  triplet  state  is  completely  populated 
at  an  intensity  lev&l  of  20  MW/cm  ,  triplet  absorption 
can  only  contribute  to  a  residual  loss  of  order  *^0.02. 

The  fact  that  intersystem  crossing  is  not  complete  during 
the  laser  pulse  for  either  CAFC  or  H2PC  is  a  further  in¬ 
dication  that  residual  losses  cannot  be  explained  by 
triplet-triplet  absorption. 

(c)  Excited  singlet  absorption:  Energy  level  struc- 

15 

tures  for  phthalocyanine  molecules  calculated  by  Chen  , 

show  symmetry-allowed  transitions  from  the  first  excited 

singlet  state  into  higher  levels  with  energy  gaps  close 

to  the  ruby  laser  photon  energy ,  Evidence  for  populating 

the  higher  level  is  the  fact  that  blue  fluorescence  from 

CAPC  in  1-chloronaphthalene  has  been  observed  under  ex- 

14 

citation  by  a  Q-switched  ruby  laser  pulse  .  Higher 
triplet  cross-over  into  the  higher  singlet  manifold  can 
be  ruled  out  as  spin-selection  rules  hold  true  even  at 
higher  excited  levels1**. 

We  thus  conclude  that  excited  singlet  absorptions 
are  the  most  probable  cause  for  residual  losses  of 
phthalocyanine  molecules.  In  the  case  of  cryptocyanine 
molecules  with  lifetimes  of  all  excited  states  shorter 


Figure  JV-14.  Blue  emission  spectra  of  the  phthalo- 

cyaninc:  excited  with  Q-switched  laser  output.  Ex- 
; 

perimental  data  shov’ing  blue  emission  of  (a)  CAPC  in 
pyridine,  and  (b)  H2PC  in  1-chloronaphthalene,  excited 
with  Q-switched  laser  output.  Blue  absorption  bands 
for  the  two  dyes  are  also  shown.  Vertical  scale  is 


relative 


la) 


(b) 


o< 


than  the  Q-switched  pulse  duration,  triplot-triplot  and 
excited  singlet-singlet  absorptions  cannot  be  distinguished. 

(2)  Emission  spectra  from  the  higher  excited  singlet  level: 

Measurements  on  the  blue  fluorescence  from  the 
phthalocyanine  molecules  excited  by  Q-switched  ruby  laser 
pulses  were  done  with  an  experimental  setup  similar  to 
the  previous  fluorescence  measurement  setup.  An  RCA  7850 
high  gain  photomultiplier  tube  with  S-ll  cathode  surface 
was  used  to  detect  the  relatively  weak  blue  fluorescence 
outputs  Both  solvents  used,  pyridine  and  1-chloronnphtha- 

i 

lene,  show  detectable  blue  fluorescence  by  themselves, 

which  amount  to  <  5%  of  the  signal  observed  at  peak  in- 

2 

tensity  level  of  80  MW/cm  ,  and  which  was  subtracted  from 
the  final  results.  Figure  IV-14  shows  the  blue  fluores¬ 
cence  spectrum  for  CAPC  in  pyridine  and  H2PC  in  1-chloro- 

naphthalene,  excited  with  Q-switched  ruby  pulses  of  dura- 

2 

tion  20  nsec,  peak  intensity  20  MW/ cm  .  The  results  for 
CAPC  agree  with  similar  results  obtained  by  Gibb1 4 .  The 
blue  absorption  bands  for  both  molecules  are  also  shown 
for  comparison.  One  sees  that  the  blue  emission  bands 
are  approximately  the  mirror  images  of  the  blue  absorption 
profile,  indicating  that  the  blue  emission  originated 
from  those  states  which  have  different  parity  from  the 
ground  state.  On  the  contrary,  the  second  excited  singlet 
state  which  has  the  same  parity  as  the  ground  state  will 


Figure  IV-15.  Model  of  the  dye  molecules  with  three 
absorptive  transitions  in  the  sincrlet  manifold  to 

i 

explain  higher  excited-state  absorption  behavior. 
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Le  fori idden  to  fluoresce.  Chen's*5  calculations  on  the 
energy-level  structure  for  phthalocyanine  molecules 
showed  that  levels  with  both  parities  are  present  with 
energy  gaps  respect  to  the  ground  state  of  approximately 
twice  the  ruby  laser  photon  energy.  Thus  the  blue  emission 
from  the  phthalocyanine  excited  with  ruby  laser  output 

must  be  due  to  transfer  of  excitation  from  the  second 

* 

excited  singlet  to  the  fluoresing  level  via  vibronic 

coupling.  The  rate  of  transfer  should  be  very  fast  and 

has  been  confirmed  by  the  experimental  observation  that 

the  blue  omission  followed  the  Q-switched  pulse  to  within 

the  detector  response  time.  Peak  blue  fluorescence  out- 

2 

put,  excited  with  20  MW/cm  laser  pulse,  was  an  order  of 
10"5  smaller  in  magnitude  compared  to  red  fluorescence 
at  7100  ft  excited  with  the  3ane  intensity  pulse. 

(3)  Model  for  three  absorptive  transitions  in  the 
singlet  manifold 

In  order  to  investigate  the  behavior  of  the  higher 
singlet  levels  under  high  intensity  excitation,  we  con¬ 
sider  a  model  of  three  absorptive  transitions  in  the 
singlet  manifold,  n^  ■*>  n^,  n^  ♦  n^,  n^  n^,as  shown  in 
figure  IV-15,  Relaxations  (non-radiative)  for  each  level 
will  be  assumed  to  be  predominated  by  relaxation  to  the 
next  lower  singlet  level.  Intersystem  crossing  from  the 
first  excited  singlet  to  the  triplet  is  long  compared  to 
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the  pulse  duration,  so  that  the  triplet  state  can  be 
neglected  in  our  treatment.  Moreover,  the  laser  pulse 
duration  is  long  compared  to  the  first  excited  singlet- 
state  lifetime.  The  above  assumptions  are  approximately 
true  for  both  phthalocyanine  molecules.  We  then  have  the 
following  set  of  equations, 

* 

dnj/dt  -  "Icr13T'1  +  n3/T3  "  0 


dn3/dt  -  lo^ 
dn5/dt  - 


VT3 


VTS 


I#JS“5  +  n5A5 


0 


0 

(IV-15) 


Here  we  set  x7  0;  solving  the  above  equations  with  the 
condition  that  n^  +  n^  +  ng  •  1,  we  have 


n1  •  l/(a8l'2  +  I'  +  1) 

n  -  lV(a8I'2  +  I*  ♦  1)  (IV-16) 

n5  -  oBI,2/(o0I'2  +  l'  +  1) 


Where  I'  -  la13x3,  o  ■  t5/t3,  0  -  o  /o13«  The  trans¬ 
mission  characteristic  of  an  optically  thick  sample  can 
now  be  derived  from 
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Figure  IV-16.  Transmission  characteristic  for  CAPC  at 

high  intensity  level.  Experimental  data  showing  peak 

intensity  transmission  versus  incident  peak  intensity 
2 

up  to  100  MW/cm  for  CAPC  in  pyridine.  Theoretical 
curve  from  equation  IV-18  with  8  *0.22,  a  ■  2,5  x  10 
and  e  *  1,  is  shown  for  comparison. 
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dl/dx  -  UQ  la13 (n^  +  0n3  +  eng) 


(IV- 17) 


Where  e  ■  og7/a j,3*  After  Integrating  with  proper  boundary 
conditions ,  we  obtain, 


In  —  ■ (l/2e-l/2)  In 
T 


1  .+  BI'T  +  age (I'T) 2 
1  +  81*  +e6el'2 


„  1  -  6 (l/2e-  1/2)  , 

(0*-  ieBa)-1'2  ” 


2a6eitT+B-(B2-4«Be)  ^ 


2agei  'T+B-7B^-4eBa)^2 


2  1/2 
20661'  +  B  ♦  (6*  -  4 a Be) 

2a 6c I'  +  B  -  (6*  -  4aBc)1^  , 

(IV-18) 


There  are  only  three  independent  parameters  in  the  trans¬ 
mission  characteristic  for  the  three  absorptive  transi¬ 
tions  model;  a,  B,  and  e.  Experimental  measurements  of 

peak  intensity  transmission  for  CAFC  in  pyridine  up  to  an 

2 

intensity  of  200  MW/cm  ,  with  laser  pulses  of  duration 
20  nsec  (FWUM) ,  are  shown  in  figure  IV-16,  A  theoretical 
curve  from  equation  (IV-18)  with  B  ■  0.22,  a  ■  2.5  x  10”3, 
c  ■  1  is  drawn  to  give  the  best  fit  to  all  data  points. 

It  should  be  pointed  out  that  tha  choice  of  the  parameters 
is  not  arbitrary;  B  is  taken  from  the  residual  loss  at 
saturation  of  the  first  transition  from  the  ground  state, 
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a  determines  the  intensity  level  at  which  significant 
population  of  n,.  is  present,  and  c  determines  the  degree 
of  absorption  from  the  n5  level.  We  thus  obtain  an  in¬ 
ternal  conversion  lifetime  for  n^  level  of  t  ^  atj  ^  2,5 
x  10  11  sec.,  and  a  cross-section  of  a ^  ^  1.5  x  10”16 

2  0 

cm4  at  6943  A  for  the  seccnd  excited  singlet  state.  HjPC 

in  1-chloronaphthalene  shows  no’  significant  increase  in 

2 

absorption  up  to  an  intensity  level  of  80  MW/cm  j  we  can 

conclude  that  t5  for  H^PC  is  shorter  than  <xt3  *v  lO^^sec 

to  prevent  significant  absorption  by  the  n,.  level,  Re- 

17 

cent  results  obtained  by  Huff  and  DeShaze  ,  indicated 

that  cryptocyaninc  exhibits  increase  of  absorption  at 

2 

an  intensity  level  of  400  MW/cm •  ,  v/hich  is  not  obtainable 
from  our  equipment.  We  cannot  specify  at  present  which 
manifold,  singlet  or  triplet,  is  responsible  for  the  max¬ 
imum  behavior  in  transmission  for  cryptocyanine  molecules. 
The  presence  of  a  maximum  in  the  transmission  curve 
is  common  to  any  model  involving  three  absorptive  transi¬ 
tions.  Higher  triplet  absorptions  give  similar  maximum 
behavior  in  the  transmission  as  shown  by  Huff  and  DeShaze17 
In  view  of  the  small  triplet-triplet  absorption  cross- 
section,  and  the  large  residual  losses  observed  for  the 
phthalocyanine  molecules,  we  can  conclude  that  the  higher 
intensity  absorption  processes  are  due  to  interaction  with 
levels  in  the  singlet  manifold. 


Figure  IV-17.  Intensity  dependence  of  the  blue 
•mission  from  phthalocyanine.  Experimental  data 
showing  the  peak  blue  emission  versus  incident  peak 
intensity  for  CAPC  in  pyridine,  and  H2PC  in 
1-chloronaphthalene.  Theoretical  curves  from 
equation  IV-16  for  n5  are  also  shown  for  comparison. 
Vertical  scale  is  relative. 


I  •  I 
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I/Is*l 
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Measurements  on  the  peak  output  of  blue  fluorescence 

versus  input  laser  peak  intensity  were  done  for  CAPC  in 

pyridine  and  II  Pc  in  1-chloronaphthalene,  with  laser  pulses 
£ 

of  duration  20  nsec,  monochromator  seting  at  4050  X, 

The  results  are  shown  in  figure  IV-17.  Results  for  CAPC 

in  pyridine  are  similar  to  the  results  obtained  by  Gibb 

for  CAPC  in  1-chloronaphthalene.  Theroetical  curves  for 

n5  from  equation  (Xv-16)  are  drawn  for  comparison,  where 

we  have  assumed  that  the  transfer  of  excitation  from  the 

second  excited  singlet  to  the  fluorescing  level  is  very 

fast,  and  the  expression  for  n^  actually  describes  the 

population  of  the  fluorescing  level.  We  see  that  for  an 

2 

intensity  up  to  50  MW/cm  ,  good  agreement  with  the  model 

ic  obtained,  indicating  that  the  blue  emission  is  due 

to  absorption  from  the  first  excited  singlet  state.  As 

2 

the  intensity  level  becomes  higher  than  50  MW/cm  ,  the 

blue  fluorescence  shows  a  superl incar  increase,  with  data 

points  fluctuating  greatly.  Bubble  formation  was  observed 

2 

for  both  solutions  at  100  MW/cm  ,  with  H2PC  in  1-chloro- 
naphthalene  eventually  carbonizing.  We  attribute  this 
increase  in  blue  fluorescence  as  due  to  high  field  effect 
produced  by  the  high  intensity  laser  pulse,  probably 
dielectric  breakdown  due  to  filement  formations  in  the 
solutions,  and  is  probably  not  associated  with  any  non¬ 
linear  increase  in  the  n,.  level  population. 
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IV-8  Corslusion 


It  is  found  that  a  simple  three-level  model  includ¬ 
ing  excited-state  absorption  can  adequately  (if  not 
completely)  describe  the  saturation  of  absorption  for  the 
three  molecules;  CC,  h2PC  and  CAPC,  Experimental  results 

on  the  saturation  of  absorption  and  fluorescence  for  the 

> 

three  molecules  indicate  that  CC  and  H2PC  can  be  described 

as  steady-state  saturable  (for  typical  C~switched  laser 

pu 1 sc s ) ,  and  CAPC  can  be  described  as  transiently  saturable. 

Absorption  cross-sections  deduced  from  results  on  the 

saturation  of  absorption  are  in  good  agreement  with 

values  obtained  from  other  measurements.  Residual  losses 

associated  with  the  saturation  of  absorption  were  found 

to  be  due  to  excited  singlet- singlet  absorption.  The 

excited  singlet-singlet  absorption  cross-section  for  the 

phthalocyanine  molecules  was  found  to  be  on  the  order  of 
-17  2 

10  cm  ,  The  increase  in  the  transmission  of  CAPC  to 
some  maximum  value  with  a  subsequent  decrease  at  a  still 
higher  intensity  level  was  determined  to  be  caused  by  the 
effects  of  three  absorptive  transitions  in  the  singlet 
manifold.  Comparing  experimental  results  with  the 
theoretical  curve,  we  deduced  a  value  of  M.0  11  sec  for 
internal  conversion  from  the  second  excited  singlet  to 
the  first  excited  singlet  state. 
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CHAPTER  V 


TEMPORAL  OUTPUT  CHARACTERISTICS  OF  LASERS 
Q-SWITCHED  BY  SATURABLE  ABSORBERS 


V-l  Introduction 


The  saturation  characteristics  of  organic  molecules 
excited  by  an  intense  light  pulse  have  been  studied  in  the 
last  chapter.  Here,  we  continue  to  investigate  the  inter¬ 
action  of  the  dye  molecules  inside  the  laser  cavity,  in 
relation  to  the  formation  of  Q-switched  pulses.  Temporal 
behavior  and  power  output  of  the  Q-switched  laser  pulses 
will  be  considered  analytically, 

V-2  Rate  Equation  Approach 

A  laser  can  generally  be  described  a  an  amplifying 

1  2 

medium  placed  in  a  regenerative  cavity,  '  In  the  case 
of  a  Q-switched  laser,  an  initially  lossy  switching 
device  is  included  in  the  cavity,  which  will  withhold  the 
onset  of  regenerative  oscillation  until  the  gain  of  the 
amplifying  medium  is  high.  Then  the  device  will  switch 
to  a  low  loss  level  to  permit  the  laser  to  start  oscillation 
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This  situation  creates  an  enhanced  regeneration  with  the 
result  that  the  system  will  discharge  its  energy  very 
quickly. 

A  simple  set  of  rate  equations  describing  the  evolu¬ 
tion  of  the  photon  density  and  the  population  inversion 

of  the  laser  medium  inside  the  laser  cavity  were  used  by 

3  4 

Vuylsteke  ,  and  by  Wagner  and  Lengyel  to  determine  the 

t  5  6 

output  characteristics  of  a  fast  switched  laser.  Szabo  r  ' 
generalized  the  treatment  to  the  case  of  a  two-level 
saturable  absorber  as  a  switching  element  inside  the 
laser  cavity.  Here,  we  will  extend  the  treatment  to  in¬ 
clude  the  residual  losses  of  the  absorbers. 

We  assume  that  the  absorber  is  a  two-level  absorbing 
system.  In  view  of  the  analysis  in  the  last  chapter, 
molecules  which  fall  into  either  steady-state  saturation 
or  energy  saturation  can  equally  well  be  described  as  a 
two-level  system  v.’ith  an  effective  life-time  t  for  the 
excited  level.  Where  t  is  short  in  the  former  case,  and 

S 

approaches  infinity  in  the  latter  case.  For  molecules 
belonging  in  the  transient  saturation  category,  a  two- 
level  scheme  is  approximately  true  since  the  triplet 
states  are  not  significantly  populated  until  the  laser 
flux  reaches  its  peak  value.  Thus  the  effective  life-time 
xg  in  this  case  will  correspond  to  the  excited  singlet 
state  life-time  t^. 

The  system  being  considered  is  a  laser  cavity  of 
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« 

length  i  containing  the  laser  rod  of  length  d  and  absorber 
cell  length  S.  Spatial  and  spectral  distributions  of  the 
radiation  are  neglected;  in  effect  the  laser  is  assumed 
to  be  operating  at  the  center  of  the  gain  line.  The  rate 
of  change  of  the  photon  density  4>  can  be  written  as 

4r*  <— - £--*->»  (v-i) 

dt  ti  ti  ti 


Where  t^  ■  l/c  is  the  single  pass  cavity  time,  =  a0mm 
is  the  absorption  coefficient  for  the  laser  medium  with 
m  the  normalized  population  inversion,  is  the  absorp¬ 
tion  coefficient  for  the  absorber,  and  y  is  the  fractional 
photon  loss  for  a  single  pass  in  the  cavity  due  to  re¬ 
flection  or  scattering  losses. 

The  rate  of  change  of  the  population  inversion  for 
the  laser  and  the  ground  state  population  of  the  absorber 
can  be  written  as 


dM 

dt 


2a  d 
m 

tl 


dn  .  .  *con  +  1LZJ& 
dt  ts 


(V-2) 


(V-3) 


where  M  ■  MQm  is  the  inversion  density  for  the  laser  medium, 
n  is  the  normalized  ground  state  population  for  the  ab¬ 
sorber,  t_  is  the  effective  lifetime  for  the  excited  state 
of  the  absorber,  and  o  is  the  absorption  cross-section 
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for  the  absorber.  To  take  into  account  the  residual  ab¬ 
sorption  by  the  absorber,  we  write 


a  88  a  [n  +  6(1  -  n)  J 
n  on 


(V-4) 


Wncr c  3  ■  o'/v  ,  as  a1  is  the  absorption  cross-section 

from  the  excited  state  of  the  absorber.  Letting 

Y  +  a  SP  . 

m  «  — — — Pn and  changing  the  time  unit  to  t  *  —  , 

P  a  d  T 

aomw 

where  T  *  »■■■■  1  ■■■—  ,  v/e  have  for  $  ■  9/K  , 

Y  +  a  SB  ° 

no 


d<P 

dT 

dm 

dT 

dn 

dr 


a  (1  -  3)  S 

(2 - 2£ -  n  -  x)<t> 

mP  Y 


2m 

mp 

a/a 


4> 


(4)  n$  +  l1. 

mp  t  /T 


(V-5) 

(V— 6  > 


(V-7) 


where  we  used  amQ  ■  M0om,  am  being  the  absorption  cross- 
section  for  the  laser  medium. 

In  the  derivation  of  equations  (V-5) ,  (V-6)  and 
(V-7),  we  have  neglected  the  effect  of  pumping  on  the 
laser  medium;  in  effect  we  assume  that  the  laser  medium 
inversion  had  reached  an  initial  value  of  m^  as  the 
C-switched  pulse  began  to  evolve.  Then,  having  the  initial 
conditions  that  m  ***  m^,  n  *  n  1,  and  approximately 
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&U  o,  equation  (V-5)  becomes 
dT 


m.  a  (.1  -  B.)  S 

«  on 

mP  Y 


Thus  (V-5)  can  be  written  as 


(V-8) 


i-  11  n-  »♦  (v-5’> 

P  P 

It  should  be  noted  that  (V-51)  is  identical  in  form 
to  the  expression  given  by  Szabo^,  however,  the  parameter 
nip  in  this  case  depends  on  the  residual  loss  factor  8* 


V-3  Absorber  with  Long  Excited  State  Lifetime  Tg  *►  « 


Absorbers  in  this  case  are  energy  saturated  with  Tg 
longer  than  the  evolution  time  for  the  Q-switched  pulse. 
Equation  (V-7)  reduces  to 


dn 

dt 


n$ 


Solving  (V-6)  and  (V-7')  for  n  *  1 


n 


(V-7*) 
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then  ( V—  5 • )  can  fce  put  into  the  form 


d* 

dT 


_  m.  _  2c/c„ 

[§-  -  (=~  -  l)  (?-)  m  -  11* 


mP  '  "H 


(V-9) 


Solving  (V-9)  and  (V-6) ,  we  have 


*  - 


♦i 


r  (ni 


m,  nu  o_  m  2a/g 


-  m)  +  (_i  -  1)  -E  -2[(-  ) 


m 


Vi 


m. 


+  -£  in  2L 
2  mi 


m-l) 
(V-10) 


At  the  peak  of  the  photon  density,  m  ~  from  (V-9) 

for  a/a  very  large.  We  have  used  the  fact  that  for  most 
m 

-1  £  2 

organic  saturable  absorbers,  a  ~  10  cm  ,  and  a  ruby  at 

6943  A  -  10“20cm2,  such  that  a/a  -  104.  The  peak  photon 

m 

density  inside  the  laser  cavity  is  then  obtained  from 


(V-JO),  neglecting  , 


i  ro  in 

*  »  —  (n,  -  m  )  +  -E  in  -E 

P  2  1  P  2  n. 


(V-ll) 


If  yq  is  the  portion  of  the  cavity  loss  that  goes  into 
useful  output,  then  the  total  energy  and  peak  power  out¬ 
puts  available  from  the  laser  can  be  written  as 


1  s  Y 

E  -  =■  (M  (m.  -  m  )  -  2§-  N  (n.  -  n.)l  Adhv  -2.  <v~12> 

2  0  1  f  d  o  i  z  v 
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Y 

P  -  $  M  A  d  h  v  —  (V-13) 

m  p  o  tj. 

Where  A  Is  the  cross  sectional  area  of  the  amplifying 

medium.  The  approximate  pulse  width  can  be  obtained  as 
E 

t  ~  .  Neglecting  the  energy  loss  due  to  the  absorption 

PM 

by  the  absorber ,  which  is  small  compared  to  the  total 

4 

energy  emitted  by  the  amplifying  medium,  we  have 


t 


mi  "  nf 

mp  ln  mp/mi  +  (mi  "  mp) 


T 


(V-14 ) 


For  a  typical  Q-sv»itched  ruby  laser  system,  m^  -  jOn^-m^ )  , 
m.  ~  3m  ,  we  obtain  an  approximate  pulse  width  of  -  2T 

A  r 

Under  these  conditions,  with  yQ  -  in  1/R  ~  0,4,  R  ■  65% 

as  the  output  mirror  reflectivity,  and  l  ■  30  cm,  d  ■  10  cm, 
2 

A  ■  1  cm  ,  peak  power  will  be  on  the  order  of  hundreds  of 

2 

megawatts  per  cm  in  10  nsec  pulses. 

For  most  of  the  organic  molecules  used  a3  saturable 

4 

absorbers  for  ruby  laser,  a/am  -  10  at  room  temperature. 

Thus  the  second  term  in  (V-  9)  can  be  neglected,  and  the 

equations  reduce  to  the  fast  switch  case  as  discussed  by 
4 

Lengyel  ,  The  condition  for  the  growth  of  the  Q-switched 

d2* 

pulse  from  noise  requires  that  >  0  with  n^  -  1,  From 

mj 

(V-5')  we  arrive  at  a/a  }  —  ■  ■*— —  ,  This  inequality  is 

m  mj_  .  mp 

always  true  for  large  values  of  o/om;  thus  a  small  amount 
of  the  spontaneous  emission  from  the  laser  medium  will 
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Figure  V-l.  Analog  computer  solutions  to  equations 
V-5',  v-6 ,  and  V-7#  for  the  evolution  of  the  Q-switched 
laser  pulse  with  t  ■  T# 

S 
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enable  the  growth  of  the  Q-switch  pulse. 

V-4  Absorber  with  Short  Excited-State  Lifetime 

Absorbers  in  this  case  are  either  steady-state 
saturated  or  transiently  saturated.  Solutions  for  the 

photon  density  $  cannot  be  obtained  analytically  in  a 

* 

simple  form.  Solutions  to  equations  (V-5'),  (V— 6) ,  and 
(V— 7 )  were  programed  on  an  analog  computer  with  parameters 
appropriate  for  ruby  lasers.  A  typical  result  with  ab¬ 
sorber  excited-state  lifetime  of  t  ■  T  is  shown  in 

9 

-4 

figure  V-l.  ^  is  of  the  order  of  10  as  set  by  the 
computer  noise  (which  simulated  amplified  spontaneous 
emission) .  In  order  to  compare  this  to  the  case  of  ab¬ 
sorbers  with  long  excited-state  lifetime,  solutions  for 
identical  laser  parameters  with  Tg  *  were  obtained  from 
the  analog  computer.  Comparing  the  two  cases,  we  found 
that  the  characteristics  of  $,  in  peak  power,  risetime 
and  falltime,  are  similar  to  within  a  few  percents. 

These  results  indicate  that  the  lifetimes  of  the  absorbers 
do  not  have  a  significant  effect  on  the  Q-switched  pulse 

evolution.  Similar  conclusions  have  been  reached  by 
7  8 

Szabo,  and  Mcleary,  in  wa  ,ch  they  showed  that  for 

4 

a/a  -  10  ,  the  characteristic  of  $  depends  solely  on  the 
m 

two  parameters;  Uli,  and  fl®  ,  for  large  value  of  0Ts/amT» 

mp  0mT 
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* 

the  result  approaches  that  of  the  fast  switch  case*  Since 

most  absorbers  saturate  at  an  irradiance  on  the  order  of 

2  -1  «Tg  3 

megewatts  per  cm  ,  from  I  -  (aT  )  we  have  — —  >  10  , 

3  amT 

Thus  the  lifetime  of  the  absorber  will  have  negligible 
effect  on  the  characteristic  of  the  output  pulses  provided 
a /a r  -  104, 

Ul 

. 

i 

V-5  Discussion 

The  simple  theory  presented  here  does  predict  several 
features  which  are  common  to  most  of  the  Q-3witched 
lasers.  The  power  output  and  the  pulse  width  depend  sig¬ 
nificantly  on  the  initial  inversion  achieved  for  the  laser 
medium.  Peak  power  output  predicted  by  this  theory  as 

compared  with  experimental  results  is  generally  smaller 

if 

by  a  significant  factor.  The  shortcoming  of  this  theory 
is  that  certain  nonlinear  effects,  such  as  the  interaction 

9 

between  different  modes,  and  rod  focusing  effects  ,  cannot 
be  taken  into  account. 

For  the  three  dye  molecules  H2PC,  CAPC,  and  CC,  used 

as  saturable  absorber  in  the  ruby  laser,  similar  temporal 

behavior  of  the  output  pulses  has  been  observed.  Since 

2 

CC  dye  has  a  high  saturation  irradiance  of  I  -  2Mw/cm 
so  it  is  commonly  used  to  Q-switch  ruby  lasers  in  order 
to  obtain  high  peak  power  output  pulses. 


| 
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The  exhibition  of  a  maximum  in  transmission  at 
2 

-20nv?/cm  for  CAPC  molecules  will  have  a  bearing  on  its 
performance  as  saturable  absorber.  Nonlinear  devices 
with  intensity  dependent  losses  when  placed  in  the  laser 
cavity  will  exhibit  stabilization  of  the  laser  output, 

The  bleaching  ar.d  subsequent  increase  of  absorption  for 
CAPC  at  high  radiation  flux  may  be  useful  for  simultaneous 

t 

passive  Q-sv;itching  and  power  stabilization  of  the  laser 
outputs.  It  is  found  that  CAPC  when  used  as  a  saturable 
absorber  for  ruby  laser  does  give  more  stable  output  with 
peak  intensity  ~10MW/cm2  compared  with  other  absorbers 
being  used. 


REFERENCES 


1.  G.  Birnbaum,  "Optical  Masers",  Academic,  New  York 
(1964) . 

2.  B.  A.  Lengyel,  "Introduction  to  Laser  Physics", 
Wiley,  New  York  (1966)  • 

3.  A,  A.  Vuylsteke,  J.  Appl.  Phys,  3_4,  1615  (1963). 

4.  W,  G.  Wagner  and  B.  A.  Lengyel,  J.  Appl.  Phys.  11' 
2040  (1963). 

5.  A.  Szabo  and  R.  A.  Stein,  J.  Appl.  Phys.  3£,  1562 
(1965) . 

6.  A.  Szabo  and  L.  E,  Erickson,  J.  Appl.  Phys.  3T7,  4953 
(1966) . 

7.  A.  Szabo  and  L,  E.  Erickson,  J.  Appl.  Phys.  38,  2540 
(1967). 

8.  R,  Mcleary  and  P,  W.  Bowe,  Appl.  Phys.  Letters  £, 

116  (1966). 

9.  G.  E.  Devlin,  et.al.,  Appl.  Opt.  1_,  11  (1962). 

10,  H.  Statz,  et.al,,  J.  Appl.  Phys.  3£,  1510  (1965), 

11,  R.  H.  Pantell  and  J.  Warszawski,  Appl.  Phys.  Letters 
11,  213  (1967). 


107 


I 


CHAPTER  VI 

SPECTRAL  OUTPUT  OF  A  Q-SWITCHED  LASER  WITH 
SATURABLE  ABSORBERS)  RELATED  PROBLEM  OF 
HOLE-BURNING 

i 

VI-1.  Introduction 

Owing  to  the  effective  inhomogeneous  broadening*  of 

the  laser  line  in  a  standing  wave  cavity.  C-switched 

lasers  will  not  generally  operate  in  a  single  axial  mode. 

Ruby  lasers  O-switched  with  optical  shutter  (rotating 

-1 

mirror)  show  an  output  spectral  width  of  ~1  cm  ,  . 

Early  attempts  to  Q-switch  ruby  lasers  with  saturable 
absorbers  showed  a  marked  purity  in  the  spectral  output) 
spectral  widths  of  -0,05  cm"*  were  obtained  without  any 
mode  selective  device  inside  the  cavity.4  For  a  laser 
cavity  of  length  30  cm.  an  output  spectral  width  of 
0.05  cm"*  corresponds  to  oscillation  in  three  to  four 
axial  modes  of  the  Fabry-Perot  cavity.  Hercher5  has  shown 
that  by  incorporating  a  special  resonant  reflector  as  the 
output  mirror  in  a  passively  Q-switchad  ruby  laser,  single 
axial  mode  operation  can  be  reproducibly  obtained. 

If  the  absorption  lines  of  the  saturable  absorbers 
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are  homogeneously  broadened  (which  is  true  for  H^PC  and 
CAPC) ,  one  expects  that  no  inherently  frequency-selective 
property  would  be  exhibited  by  these  absorbers  when  used 
for  Q-swibching  laser,  Sooy6  has  shown  that  for  a  passive¬ 
ly  Q-switched  laser,  natural  selection  of  inodes  could  be 
enhanced  due  to  the  slow  switching  process  of  the  absorber. 

Another  possibility  was  pointed  out  by  Foffcr  and 
7 

McFarland,  who  showed  in  their  experiments  with  the 
frequency-locking  of  two  lasers  that  seme  degree  of  hole 
burning  does  occur  in  the  absorbers. 

In  this  chapter  we  will  briefly  discuss  first  the 
natural  selection  of  inodes  by  the  absorbers,  and  then  a 
number  of  experiments  that  indicate  the  nature  of  the 
hole-burning  effect  exhibited  by  the  frequency-locking 
of  two  lasers. 

VI-2. Natural  Selection  of  Modes  by  the  Absorber 

5 

Aa  pointed  out  by  Sooy  ,  the  basic  mechanism  which 

leads  to  selection  of  modes  as  they  grow  out  of  noise 

arises  from  the  fact  that  the  buildup  time  for  Q-switched 

laser  with  saturable  absorber  is  much  longer  than  for  fast 

switched  laser  with  either  an  optical  or  mechanical  shutter. 

Since  the  initial  photon  density  inside  the  cavity  is  of 
7 

the  order  10  photons/mode,  supplied  by  the  spontaneous 
emission  from  the  amplifying  medium,  the  dominant  mode 
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in  a  passively  Q-switched  laser  has  to  reach  a  value  of 
*10  photons/mode,  which  is  strong  enough  to  bleach  the 
absorber  in  order  for  the  laser  to  oscillate.  The  process 
is  completely  different  in  the  fast-switched  case,  where 
each  mode  can  simultaneously  compete  for  the  gain  in  the 
amplifying  medium  as  soon  as  the  shutter  is  opened.  A 
further  support  for  this  type  of  mechanism  is  the  fact 
that,  by  inserting  a  resonant  reflector  inside  the  cavity 
of  a  passively  C~switched  laser,  off-resonant  modes  can 
be  suppressed  with  the  output  wavelength  reproducible  to 
*0.005  8. 5 

Other  mechanisms,  such  as  spatial  hole-burning  in 
the  absorber  cell,  and  Fabry-Pcrot  cavity  formed  by  the 
absorber  cell  windows,  can  produce  modo  selection  to  some 
degree.  The  former  mechanism  will  be  effective  only  when 
the  absorber  is  appreciably  saturated,  which  cccurs  only 
during  the  last  few  transits  of  the  cavity.  The  latter 
mechanism  will  depend  on  the  geometry  of  the  dye  cell  in¬ 
volved,  and  can  easily  be  avoided. 

If  the  absorption  line  of  the  absorber  is  inhomo- 
geneously  broadened,  a  spectral  hole  will  be  burnt  into 
the  absorption  line  by  the  predominant  mode  in  the  cavity; 
such  that  the  output  spectrum  will  invariably  consist  of 
modes  which  tall  into  the  spectral  width  of  the  hole  being 

7 

burned.  Soffer  and  McFarland  have  shown  that  two  lasers 


Figure  VI-1,  Experimental  setup  for  frequency- 
locking  of  two  lasers. 
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can  be  frequency-locked  if  the  output  of  the  second  laser 
is  switched  on  by  saturating  its  absorber  via  the  output 
from  the  first  laser.  The  absorber  used  in  their  experi¬ 
ments  was  metal-free  phthalocyanine,  which  is  known  to  be 
homogeneously  broadened.  Their  results  indicated  that 
spectral  hole-burning  does  exist  in  an  absorber  even 
though  its  absorption  line  is  homogeneously  broadened. 

t 

g 

VI -3  Frequency-locking  Experiments 

Experimental  setups  similar  to  those  used  by  Soffer 
and  McFarland7  were  used  to  investigate  the  nature  of  the 
hole-burning  exhibited  by  saturable  absorbers  in  inducing 
frequency-locking  of  two  lasers.  This  is  shown  in 
figure  VI-1.  The  first  laser,  hereafter  referred  to  as 
the  master  laser,  was  a  water  cooled  ruby  laser  system  with 
an  8 -cm  ruby  rod  In  a  40 -cm  cavity  consisted  of  a  Brewster 
angle  roof  prism  and  a  resonant  reflector  with  peak  re¬ 
flectance  of  40%.  Cryptocyanine  in  acetonitrile  was  used 
as  the  Q-switching  saturable  absorber,  giving  reproducible 
output  pulses  with  duration  25  nsec,  peak  power  -20  MW, 

and  spectral  width  of  -200  MHZ.  The  cross-sectional  area 

2 

of  the  output  was  approximately  1  cm  . 

The  second  laser,  hereafter  referred  to  as  the  slave 
laser,  was  a  similar  laser  system  with  cavity  length 
-75  cm.  The  output  from  the  master  laser  was  used  to 
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saturate  the  absorber  in  the  slave  laser  cavity.  The  dye 
solution  was  contained  In  commercial  Q-switching  dye  cell 
with  AR-coated  windows, and  cell  thickness  1.6  mm.  The  con¬ 
centration  of  the  dye  solution  was  adjusted  to  give  an 
optical  density  of  0.35  at  6943  I,  The  operation  of  the 
two  lasers  was  achieved  by  synchronizing  the  two  laser 
power  supplys  in  such  a  way  that  the  slave  laser  would 
only  lase  due  to  the  saturation  of  the  absorber  induced 
by  the  output  from  the  master  laser.  It  was  found  that 
when  the  two  lasers  lased  in  synchronization,  the  output 
from  the  slave  laser  was  always  preceded  in  time  by  the 
master  output  by  SO  to  several  hundred  nsec.  For  stable 
synchronization,  slave  laser  was  generally  operated  at  a 
few  percent  below  threshold  pumping  power  required  for 
normal  Q-switching  operation. 

The  output  from  the  two  lasers  were  detected  by  a 
fast  IT  &  T  piano-photodiode  and  displayed  on  a  Tektronix 
519  scope.  A  Fabry-Perot  quartz  etalon  with  a  9  mm  mirror 
separation  was  used  to  observe  the  output  spectrum.  The 
fringe  pattern  of  the  Fabry-Perot  was  split  along  a  dia¬ 
meter  so  that  both  output  spectra  could  be  separately  but 
simultaneously  recorded. 

(1)  Frequency-locking  with  no  mode  selection  in  slave 
cavity:  Using  a  dielectric  output  mirror  of  reflectivity 
35%  in  the  slave  cavity,  consistent  frequency-locking  of 
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Figure  VI-2.  Experimental  results  on  frequency¬ 
locking  of  two  lasers,  (a)  Fabry-Perot  interferogram 
showing  master  and  slave  laser  spectra  to  be  frequency- 
locked  (free  spectral  range  16.7  Ghz) .  (b)  Simul¬ 

taneous  scope-photo  showing  master  laser  pulse  followed 
by  the  slave  laser  pulse.  Horizontal  scale  50  nsec/div. 
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Figure  VI-3.  Experimental  results  with  resonant  re¬ 
flector  in  the  slave  cavity,  (a)  Spectra  of  master 
and  slave  lasers  (unslaved  mode  of  operation) . 

(b)  Spectra  obtained  during  slaved  operation. 

(c)  Scope-photo  obtained  at  the  time  fig.  V-3b  was 
recorded.  Note:  in  this  case  both  the  master  and 
slave  lasers  had  frequency  selective  resonant  re¬ 
flectors.  which  precluded  frequency-locking  but  did 
not  prevent  slaved  operation.  Horizontal  scale: 

50  nsec/div. 
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the  slave  and  the  master  lasers  were  observed  for  both 
H2PC  in  1-chloronaphthalena  and  CAPC  In  pyridine  used  as 
the  saturable  absorber.  The  spectral  output  from  the 
slave  laser  generally  consisted  of  two  adjacent  axial 
modes  (separation  200  MHZ  for  cavity  length  75  cm)  of  un¬ 
equal  intensity,  bracketing  the  frequency  of  the  single 
spectral  component  of  the  master  laser.  A  typical  inter- 
ferogram  and  scope  photograph  are  shown  in  figure  VX-2 
for  the  case  in  which  the  two  lasers  were  frequency-locked 
together.  When  the  slave  laser  was  not  synchronized  to 
'  the  master  laser,  its  output  invariably  consisted  of  a 
number  of  spectral  lines  which  were  not  reproducible. 

The  above  results  showed  a  much  more  pronounced  spectral 
hole-burning  in  the  absorbers  than  that  observed  by 
Soffer  and  McFarland,  in  which  additional  spectral  com¬ 
ponents  from  the  slave  laser  were  observed7. 


The  same  experiments  were  repeated  using  a  resonant  re¬ 
flector  for  the  slave  laser  with  peak  reflectivity  35%  as 
the  output  mirror.  The  resonant  reflector  for  the  slave 
laser  had  a  resonant  frequency  which  differed  from  that  of 
the  resonant  reflector  in  the  master  laser  by  about  6.8 


GHZ,  which  was  checked  by  firing  the  two  laser  separately. 
The  results  obtained  by  synchronizing  the  two  lasers  are 
shown  in  figure  VI-3.  The  slave  laser  lased  at  the  same 


frequency  as  it  did  without  synchronization  to  the  master 
laser,  however,  the  slave  output  exhibited  synchronization 
to  the  master  output  with  approximately  the  same  time 
delay  as  in  the  case  of  frequency-locking.  One  thus  sees 
that  the  resonant  reflector  in  this  case  was  sufficiently 
effective  to  prevent  the  slave  laser  from  locking  on 
spectrally  to  the  master  frequency,  but  that  th  ■»  satura¬ 
tion  produced  by  the  master  laser  pulse  was  responsible 
for  triggering  the  slave  laser. 

(3)  Time  delay  between  master  and  slave  laser  pulses t 
Since  the  absorbers  used  in  these  experiments  have  been 
shown  to  be  homogeneously  broadened,  *  the  operation  of 
the  slave  laser  in  the  synchronized  mode  is  essentially 
a  fast-switched  laser  as  described  by  Lengyel.^  The 
pulse  buildup  time  from  the  moment  of  switching  is  approx¬ 
imately  proportional  to  the  cavity  length, and  depends  on 
the  initial  population  inversion  for  the  amplifying 
medium.  A  number  of  experiments  were  performed  under 
different  conditions  to  investigate  the  time  delay  between 
the  master  and  the  slave  laser  pulsoo,  and  its  effect  on 
the  frequency-locking  of  the  two  lasers.  A  dielectric 
output  mirror  of  35%  was  used  for  the  slave  laser  in 
these  experiments.  At  first,  the  slave  laser  cavity 
length  was  increased  to  150  cm,  the  time  delay  for  the 
two  pulses  increased  to  -600  nsec  with  the  same  effectiveness 
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of  frequency- locking  as  before,  Zn  the  second  series  of 

experiments #  the  pumping  power  from  the  slave  laser  power 

supply  was  varied.  A  decrease  of  the  time  delay  Lctween- 

the  two  pulses  resulting  from  an  increase  of  the  pump 

power  was  observed.  However #  as  soon  as  the  pumping  level 

was  greater  than  10%  above  the  minimum  level  for  clave 

action#  the  slave  laser  fired  before  the  macter  laser. 

The  same  type  of  frequency-locking  was  observed  when  the 

two  lasers  were  in  synchronization.  The  above  results 

qualitatively  confirmed  the  fast-switching  nature  of  the 

slave  laser  operation.  In  the  third  series  of  experiments# 

the  master  laser  output  was. attenuated  with  calibrated 

filters  made  of  solutions  of  CuFO^,  thereby  varying  the 

intensity  level  incident  on  the  absorber  in  the  slave 

cavity.  The  results  are  shown  in  Table  II-a.  The  time 

delay  between  the  two  pulses  increased  (measured  from 

peak  to  peak)  as  the  master  output  level  was  decreased# 

and  no  slave  action  could  be  observed  when  the  master 

2 

output  was  below  1  MW/cm  •  Frequency-locking  to  the  same 

2 

degree  was  observed  down  to  an  intensity  of  2Ml?/cm  from 

2 

the  master  laser.  The  cutoff  intensity  level  of  *1  MW/cm  , 
at  which  no  slave  mode  could  be  operated#  does  correspond 
to  the  intensity  level  at  which  the  dye  molecules  begin 
to  saturate  completely.  Zn  order  to  find  the  buildup  time 
for  the  slave  pulse  in  this  case#  the  starting  time  should 
be  taken  as  the  time  at  which  the  switching  process  of  the 


absorber  has  just  begun.  Since  the  initial  photon  flux 
in  the  slave  cavity  will  experience  increased  gain  as  soon 
as  the  absorber  shows  a  few  p^jeent  bleaching,  we  can 
safely  assume  that  this  level  of  bleaching  will  corres¬ 
pond  to  tho  starting  time  for  the  slave  pulse  to  evolve. 

As  shown  by  Stockman,^1  the  time  interval  from  the  moment 
the  absorber  exhibits  5%  bleaching  to  the  time  the  slave 
pulse  reaches  its  peak,  is  approximately  the  same  for  the 
three  master  intensity  levels.  The  results  are  shown  in 
Table  II-b, 

Similar  experiments  were  attempted  with  cryptocyaninc 

as  the  absorber  in  the  slave  cavity,  but  without  success 

in  that  the  synchronization  of  the  two  lasors  was  not 

possible.  This  result  is  not  surprising  in  view  of  the 

nature  of  the  slave  operation  which  is  ossontially  a  fast- 

switched  laser.  After  the  passage  of  the  master  pulse, 

phthalocyanine  molecules  with  their  long  triplet  state 

lifetime  will  be  transparent  for  *1  usee,  whereas  most  of 

the  ground  state  population  for  the  crypyocyanine  mole- 

12 

cules  will  be  returned.  Kaisor  and  Power  were  able  to 
frequency-lock  two  lasers  with  cryptocyanine  as  absorber 
in  the  slave  cavity.  Since  the  output  intensity  from 
their  master  laser  was  of  the  order  of  a  few  hundred  MW, 
the  frequency -locking  results  may  well  have  been  due  to 
the  injection-locking  of  two  lasers  observed  by  Bondarenko, 
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In  all  the  measurements  above ,  the  two  lasers  were 
set  with  their  output  polarization  in  the  same  plane.  By 
setting  the  two  polarizations  orthogonal  to  each  other, 
identical  results  were  obtained,  confirming  the  results 
obtained  by  Soffer  and  McFarland.7 

Recent  experiments  on  frequency-locking  by  Stockman11 
give  a  further  indication  as  to  the  nature  of  the  spectral 

t 

hole  burned  into  the  absorber.  Using  two  identical  rosenant 
reflectors  whose  adjacent  resonant  frequencies  were  sep¬ 
arated  by  about  0.2  cm"1 -6  GHZ  for  both  the  slave  and  the 
master  lasers,  measurements  were  performed  by  pressure 
scanning  the  second  resonant  reflector  in  the  slave  cavity. 
Stockman  observed  consistent  frequency-locking  of  the  two 
lasers  by  detuning  the  resonant  frequency  of  the  slave 
resonant  reflector  up  to  0.1  cm"1  -3  GHZ  from  the  master 
frequency  for  CAPC  in  pyridine  as  absorber.  On  the  other 
hand,  frequency-locking  could  be  maintained  only  up  to 
0.4  cm  1  *1.2  GHZ  separation  of  the  resonant  frequencies 
if  CAPC  in  cyclohexenol  was  used  as  absorber.  Since  by 
tuning  the  resonant  frequency  of  the  second  resonant  re¬ 
flector  away  from  the  master  frequency,  one  gradually  in¬ 
troduces  higher  losses  at  the  master  frequency,  this 
measurement  indicates  that  the  depth  and/or  width  of  the 
hole  depends  on  the  solvent  used. 
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VI-4,  Interpretation  and  Discussion 

The  conaistent  frequency-locking  between  the  slave 
and  the  master  laser  which  we  observed  Indicates  positively 
that  a  spectral  hole  can  be  burnt  into  the  absorption  line 
of  the  absorber.  Since  the  slave  mode  operation  results 
in  essentially  a  fast-switched  laser,  the  natural  selec¬ 
tion  of  modes  by  the  absorber ,  as  pointed  out  by  Sooy,6 
is  not  very  effective  in  this  case.  The  fact  that  the 
output  spectrum  from  the  slave  laser  is  always  within  the 
spectral  output  bandwidth  of  the  master  laser,  indicates 
that  the  spectral  hole  is  sufficiently  narrow  to  effec¬ 
tively  discriminate  against  oscillation  at  further  re¬ 
moved  frequencies. 

The  degree  of  mode  discrimination  by  the  spectral 
hole  could  be  inferred  by  considering  the  experimental 
results  in  Vl-3-(2),  in  which  frequency-locking  was  pre¬ 
vented  by  the  use  of  a  second  resonant  reflector.  In 
this  case,  the  slave  laser  was  still  triggered  by  the 
master  laser,  with  a  time  delay  of  approximately  100  nsec 
between  the  two  pulses.  For  the  slave  cavity  length  of 
75  cm,  this  will  correspond  to  about  20  loop  transits  for 
the  buildup  of  the  slave  pulse  in  the  dominant  mode. 

For  the  special  resonant  reflector  being  used  (made  of 
two  identical  2  mm  quarts  plates  separated  by  2.5  cm), 
the  reflective  loss  for  the  adjacent  mode  separation  of 
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200  MHZ  will  correspond  to  about  0*1  dB  per  pass.  Thus 
in  the  20  loop  transits,  a  net  gain  of  -2  dB  relative  to 
the  adjacent  axial  mode  will  be  provided  by  the  resonant 
reflector  in  favor  of  emission  in  the  axial  mode  coinci¬ 
dent  with  the  resonant  frequency.  In  the  case  of  fre¬ 
quency-locking  where  a  broad-band  dielectric  mirror  was 
used,  the  slave  laser  output  consisted  of  just  one  or  two 
adjacent  axial  modes.  The  output  spectrum  for  the  slave 
laser  in  this  case  was  determined  solely  by  the  spectral 
hole  bvirned  into  the  absorber.  One  can  then  conclude  that 
a  minimum  net  gain  of  2  dB  will  be  provided  for  the  mode 
at  the  center  of  the  spectral  hole.  If  we  assume  further 
that  the  spectral  hole  exists  only  during  the  pnssage  of 
the  master  pulse*  of  order  30  nsec  corresponding  to  6 
loop  transits  in  the  slave  cavity,  the  spectral  hole  would 
have  to  have  a  maximum  hole  width  (FWHM)  of  approximately 
a  few  hundred  MHZ  (based  on  a  minimum  2  dB  attenuation  in 
200  MHZ  for  a  hole  with  Gaussian  profile). 

The  several  possible  mechanisms  which  have  been  pro¬ 
posed  to  explain  the  observed  frequency-locking  experi¬ 
ments  will  be  discussed  in  the  following! 

The  definition  of  dB  isy 

dB  ■  -(10)  log1Q (transmission) 

-  -(10)  log1(J(e“ax) 

-  4.34  (a  x) 
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(1)  Scatteringi  If  sufficient  amount  of  radiation  from 
the  master  laser  could  be  injected  into  the  slave  cavity 
at  the  time  the  slave  laser  reaches  threshold ,  frequency¬ 
locking  of  the  two  lasers  could  be  obtained.13  As  shown 
by  Stockman,11  based  on  a  fast-switched  model  with  para¬ 
meters  as  listed  in  Table  IT-b,  and  assuming  the  initial 

7  6 

photon  density  of  10  pho tons/mode  at  the  point  the 

absorber  exhibits  5%  bleaching,  the  photon  density  would 
12 

be  -10  photons/mode  when  the  master  laser  output  of 
2 

20  MW/ cm  reached  its  peak  value.  Experimental  measure¬ 
ments  on  the  amount  of  scattering  by  the  dye  cell  irra- 

2 

diated  by  20  MW/ cm  Q-switched  laser  pulses  were  performed 
The  scattering  at  6943  R  was  detected  with  a  calibrated 
EG  &  G  "Lite-Mike"  detector.  The  maximum  amount  of  light 
that  wo  were  able  to  scatter  into  the  slave  cavity  was 
found  to  be  106  to  10^  photons/mode,  a  value  smaller  by 
a  factor  of  10”3  from  the  estimate  above.  We  thus  con¬ 
clude  that  scattering  is  not  responsible  for  the  frequency 
locking  results.  A  similar  conclusion  has  been  reached 
by  Soffer  and  McFarland. ^ 

(2)  Transient  hole-burning  by  selectively  populating 

g 

the  upper  vibronic  sublevel!  Even  though  the  absorbers 
that  we  used  in  the  frequency-locking  experiments  are 
homogeneously  broadened  (in  the  sense  that  uniform  deple- 
tion  of  absorption  across  the  absorption  profile  occurs 
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during  the  passage  of  a  Q-switched  laser  pulse) ,  spectral 

hole-burning  can  still  occur  due  to  the  finite  relaxation 

time  of  the  subvibronic  level  in  the  first  excited  singlet 

state  that  was  being  reached  by  the  intense  light  pulse. 

If  we  consider  the  energy-level  scheme  for  the  molecules 

as  shown  in  figure  II-2,  where  absorptive  transitions 

originate  from  the  lowest  vibronic  level  in  the  ground 

state  and  excite  into  the  j  vibronic  sublevel  of  the 

first  excited  singlet  state.  There  the  molecules  relax 

non-rad iatively  down  to  the  zeroth  vibronic  level  with  a 

relaxation  time  t  .  From  this  zeroth  vibronic.  level. 

v 

the  molecules  then  decay  back  to  the  ground  state  via 
different  channels  with  a  net  relaxation  time  t.  The  rate 
equations  for  the  populations  of  these  levels  are 


dnl0/dt  - 

-lo(n10  -  n30)  +  n30/r 

(VI-1) 

dn3Q/dt  - 

n3j/Xv  ’  n30/T 

(VI-2) 

dn^/dt  ■ 

I9tn10  "  n33’  '  n3j/Tv 

(VI-3) 

where  a  is  the  absorption  cross-section,  and  n^'s  are  the 
normalized  population  for  the  ith  level  (the  second  sub¬ 
script  denotes  the  vibronic  sublevels).  The  absorption 
coefficient  for  the  10  *  3j  transition  is  given  by 
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Figure  VI-4,  Transient  spectral  hole-burnir.g. 
Hypothetical  time  development  of  a  transient  spectral 
hole.  The  curves  labelled  n3Q(t)  and  n1Q(t)  show  the 
buildup  and  decline  of  the  lowest  vibronic  sublevels 
of  the  first  excited  and  ground  electronic  states 
respectively.  The  lowest  curve  is  proportional  to 
the  spectral  hole  depth,  and  shows  the  population  of 
the  excited  vibronic  sublevel  which  decays  with  a 
lifetime  tv.  It  is  assumed  that  the  exciting  radia¬ 
tion  field  is  a  step-function  in  time.  The  figure 
is  intended  to  be  illustrative  only. 


TIME ,  nsec 
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a10  -  3j  *  V(n10  *  n3j>  (VI“4) 

where  is  the  total  concentration  of  the  dye  molecules. 
The  absorption  coefficients  for  the  10  •*>  3i  (i  j*  j,0) 
transitions  are  given  by 

“10  -  3J  -  "o  “  »10  ,  !VI-5) 

The  spectral  hole  produced  in  this  case  will  be  given  by 
Act,  where 


"  *10  3i  "  ®10  3 j 


No  0  n3j 


(VI-6) 


The  maximum  depth  of  the  hole  can  be  found  from  (VI-3) 
directly 


Aamax  *  No  o(n10  l0,/(Ia  ♦  (VI-7) 

Figure  VI-4  illustrates  the  solution  for  (VI-1,  2,3), 
assuming  that  there  are  no  other  significantly  populated 
levels,  and  t  >>  Ty.  Inspection  of  (VI-7)  shows  that  the 
maximum  spectral  hole  depth  has  an  upper  limit  of 
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Acmax  -  No  ®Clo)/Cla  ♦  1/Ty)  (VI-8) 

For  absorber  of  thickness  x,  the  net  gain  G^D  after  m 
loop  transits  inside  the  slvae  cavity  will  be 

Gdfi  -  4.34  m  (Ao)  x  (VI-9) 

/ 

Substituting  the  expression  for  Aa  from  (VI-8) ,  we  have 

maX 

TV  *  CdB/t<4,34  n  V  “  adB)  la]  (VI-10) 

An  estimate  value  of  Ty  can  be  obtained  by  substitut¬ 
ing  the  parameters  appropriate  tc  the  experimental  con¬ 
dition,  Nc  -  1016  molecules/cm3,  I  *  1026  photons/cm2-sec, 
x  ■  0,16  cm,  o  -  5  *  10  ‘‘■’'cm  ,  and  a  2-dB  net  gain  figure 

in  two  loop  transits  of  the  slave  cavity  from  the  above 

-12 

discussion,  we  have  ty  -  5  *  10  sec. 

This  simple  account  of  the  spectral  hole-burning 
gives  a  reasonable  value  for  the  vibronic  relaxation  time. 
However,  experimental  results  indicated  that  for  a  master 
pulse  of  peak  power  2  MW/cm  ,  identical  frequency- locking 
was  observed.  In  this  case  the  net  gain  provided  by  the 
transient  hole  would  be  a  factor  of  10  smaller,  which 
would  be  insufficient  to  discriminate  against  oscillation 
in  off-resonant  frequencies. 
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(3)  Hole-burning  due  to  two -wave  interaction  in  the 
absorber:  Tan  and  Schwartz14  have  shewn  from  their  cal¬ 
culation  that*  for  absorptive  molecules  interacting  with 
a  strong  wave  at  frequency  and  a  weak  wave  at  both 
near  resonance  of  the  molecular  transition,  the  v/eak  wave 
will  experience  reduced  absorption  due  to  the  nonlinear 
coupling  of  the  two  waves  by  the  molecules.  The  spectral 
hole  width  deduced  from  their  calculation  (based  on  den¬ 
sity  matrix  approach  to  a  two-level  system1^)  was  2/T^, 
where  is  the  decay  time  for  the  upper  level.  Further¬ 
more,  the  depth  of  the  hole  wa3  found  to  be  linearly  de¬ 
pendent  on  the  strong  wave  intensity.  The  interpretation 
of  experimental  results  by  this  theory  is  difficult  as 
the  absorber  used  were  not  simple  two-level  systems. 
Furthermore,  this  theory  does  not  take  into  account  the 
solvent  interaction  which  evidently  plays  a  role  in  the 
hole -burning  processes. 

At  present,  no  theory*  has  adequately  explained  the 
type  of  spectral  hole-burning  in  organic  absorbers  asso¬ 
ciated  with  the  frequency-locking  of  two  lasers  that  we 
and  others  have  observed.  This  type  of  hole-burning  will 
not  be  effective  in  determining  the  output  spectrum  of  a 
dye  Q-switched  laser,  as  the  hole  will  be  induced  only 

I  feel  that  the  recent  explanation  proposed  by  ftockman,11 
in  which  the  fluctuation  of  the  indices  of  refraction  cf 
the  solvent  was  responsible  for  the  spectral  hole,  is 
incorrect,  and  was  based  on  an  unrealistically  large  value 
for  An. 
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when  a  dominant  mode  reaches  sufficiently  high  intensity. 
A  useful  application  of  the  above  experimental  techniques 
is  in  the  production  of  two  high  intensity  light  pulses 
with  identical  narrow  spectra  having  a  time  delay  which 
can  be  varied  from  50  to  500  nsec. 


i 
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CHAPTER  VII 


CONCLUSIONS 


VII-1.  Summary 

i 

In  Chapter  II  and  III,  we  discussed  briefly  the  pri¬ 
mary  photophysical  processes  of  polyatomic  molecules 
which  are  applicable  to  a  dilute  system  using  a  model 
based  on  the  modified  Jablonski  energy-level  model.  Sev¬ 
eral  different  lifetimes  for  the  three  molecules: 
Cryptocyanine,  metal-free  phthalocyanine,  and  chloro- 
aluminum  phthalocyanine,  were  determined  experimentally. 

In  particular,  we  found  that  the  intersystem  crossing 

-9 

time  for  H2PC  was  25  x  10  6ec,  indicating  that  the  in¬ 
ternal  conversion  time  from  the  first  excited  singlet  to 

»  9 

the  ground  state  was  7  x  10  sec. 

In  Chapter  IV,  we  analyzed  the  saturation  of  the 
molecular  absorption  for  the  three  molecules  under  ex¬ 
citation  by  intense  Q-switched  ruby  laser  pulses  using 
the  various  lifetimes  determined  from  Chapter  III.  Ex¬ 
perimental  results  were  comparable  with  analytical  results 
based  on  a  simplified  four-level  model  with  excited-state 
absorption.  From  the  range  of  the  Q-switched  pulse 
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durations  being  used,  we  concluded  that  the  saturation  of 

cryptocyanine  and  H^PC  can  be  described  as  steady-state 

saturation,  whereas  CAPC  can  be  described  as  transiently 

saturable.  Excited-singlet- state  absorptions  were  found 

to  be  the  cause  fox  residual  losses  exhibited  by  the 

phthalocyanine  molecules.  The  excited  singlet-singlet 

.absorption  cross-soctions  were  deduced  from  the  trans- 

-17  2 

mission  data  to  be  of  an  order  *10  cm  .  The  fact  that 
an  increase  in  the  transmission  of  CAPC  to  a  maximum  with 
a  subsequent  decrease  at  still  higher  intensity  level  was 
found  to  be  due  to  the  effect  of  three  absorptive  transi¬ 
tions  in  the  singlet  manifold.  A  value  of  10"*1  sec  for 
internal  conversion  from  the  second  to  the  first  excited 
singlet  states  was  deduced  from  the  transmission  curve. 

In  Chapter  V,  we  discussed  the  general  character¬ 
istics  of  dye  Q-switchcd  laser  output.  A  simple  two- 
level  model  was  used  for  the  absorbers  in  describing  the 
temporal  behavior  of  the  Q-switched  output.  Output  pulse 
parameters  such  as  peak  power  and  pulse  half-width  were 
found  to  have  insignificant  dependence  on  the  absorber 
lifetime  due  to  the  large  absorption  cross-section  ex¬ 
hibited  by  the  dye  molecules.  We  concluded  that  phtha¬ 
locyanine  molecules  when  used  as  saturable  absorbers  are 

2 

best  suited  for  lew  power  level  (10  MW/cm  )  applications 
due  to  the  relatively  low  intensity  required  for  satura¬ 
tion. 


Several  mechanisms  which  lead  to  mode  selection  by 
the  absorber  for  Q-switching  ruby  lasec  were  discussed  in 
Chapter  VI.  In  particular,  the  nature  of  spectral  hole- 
burning  which  is  responsible  for  frequency-locking  of  two 
lasers  was  investigated  experimentally  in  some  detail. 
Several  possible  mechanisms,  scattering,  transient  hole 
burning,  and  coupling  of  waves  in  the  absorber,  were 
found  to  be  inadequate  to  explain  our  experimental 
observations. 

VII-2 .  Suggestions  for  Further  Work 

Since  the  saturation  of  molecular  absorption  processc 
in  our  investigations  are  mainly  concerned  with  incident 
pulses  of  durations  10  to  30  nsec,  it  would  be  interest¬ 
ing  to  extend  the  investigation  to  pulses  of  shorter  dura- 
-11 

tion,  say  10  sec.  At  present,  these  type  of  pulses  . 
can  be  obtained  from  mode-locked  lasers  using  a  single 
pulse  selection  technique.1  There  arc  several  advantages 
of  using  pulses  of  shorter  duration.  One  could,  for  ex¬ 
ample,  use  this  method  to  detect  molecular  relaxation 

-9  -11 

times  in  the  range  of  10  to  10  sec,  and  to  measure 
excited  singlet-state  absorption  spectra.  Conventional 

2 

photo-detectors  using  the  ultra-fast  light  gate  technique 
can  be  used  for  detection  in  this  case.  The  saturation 
of  molecular  absorption  processes  in  this  case  cannot  be 
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described  by  the  rate  equation  approach,  due  to  the  fact 
that  coherent  interaction,  such  as  self-induced  trans¬ 
parency,3  will  become  important. 

The  problem  of  spectral  hole-burning  of  the  type 
that  induces  frequency-locking  of  two  lasers,  is  still 
unresolved  by  our  investigation.  The  difficulty  involved 
is  that  the  exact  nature  of  the  spectral  hole  cannot  be 
measured  accurately.  Furthermore,  molecular  processes 
in  the  time  scale  less  than  10  sec  are  still  not  well 
understood.  If  one  can  design  a  sufficiently  powerful 
tunable  cw  laser,  with  an  output  spectrum  as  narrow  as 
the  Q-switchcd  ruby  laser  output,  then  the  width  and  the 
depth  of  the  spectral  hole  could  be  measured  accurately. 
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The  intent  of  the  research  was  to  study  the  interaction  of  intense  laser  radiation 
with  various  optical  media,  in  order  to  understand  the  physical  processes  involved. 
Gases,  transparent  solids,  and  organic  dyes  were  studied. 

Ihe  radiation-induced  breakdown  observed  in  inert  gases  subjected  to  a  focused 
laser  beam  was  interpreted  as  due  to  inverse  Bremsstrahlung.  Free  electrons, 
provided  by  multiphoton  ionization  of  impurities,  were  accelerated  by  the  intense 
optical  field,  producing  a  chain  reaction  leading  to  a  copious  supply  of  free 
electrons  and  breakdown  of  the  gas.  The  same  inverse  Bremsstrahlung  chain  reaction 
was  found  to  induce  gross  permanent  damage  from  thermal  stresses  in  solid  trans¬ 
parent  media,  beginning  at  a  radiation  density  threshold  in  the  vicinity  of  1000  to 
10,000  megawatts/cm^. 

An  intensive  study  was  made  of  three  organic  dyes  of  basically  differing  charac¬ 
teristics,  all  exhibiting  saturable  absorption  at  the  wavelength  of  a  ruby  laser. 

The  dye  molecules  studied  were  cryptocyanine,  metal-free  phalocyanine,  and 
chloroaluminum  phalocyanine.  Each  exhibits  nonlinear  absorption  properties, 
principally  a  reduction  in  the  optical  transmission  when  irradiated  with  intense 
ruby  laser  light.  Results  of  the  study  are  reported  in  detail  in  an  appendix  to 
the  report.  The  saturation  characteristics  of  a  dye  can  provide  considerable 
insight  into  the  energy-level  structure  of  the  dye,  particularly  with  regard  to 
excited  states  and  intersystem  crossing  times. 
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